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isualization techniques constitute a
Vpowerful tool in defining microquan-
titative molecular events critical to
biomedical research and clinical diagnostics.'
In particular, a great deal of interest has been
focused on visualization of the same target
at different levels from the cellular scale to
the whole body, because different molecular
imaging methods, such as CT (computed
tomography), magnetic resonance imaging
(MRI), optical imaging, and nuclear medi-
cine imaging, have different spatial resolu-
tions, imaging depths, and areas of applica-
tion?® A typical example is combining
usage of CT and positron emission tomo-
graphy (PET) to provide a clinical tool, PET/
CT, for whole-body imaging. CT provides
exceptional anatomical information, but
suffers from limited sensitivity. PET provides
a visualization method with high sensitivity
(picomolar), albeit with a low (~mm) spatial
resolution. Hence, the combination of
PET/CT provides excellent spatial resolution
and high sensitivity.'~” In addition, CT, PET,
and MRl are all unsuitable for visualizing living
cells because of low planar resolution, but this
can be resolved by fluorescent bioimaging.
Photoluminescence imaging provides the
highest spatial resolution (several hundreds
of nanometers) and is suitable for imaging
living cell.¥'° but it lacks the full capability
to obtain anatomical and physiological detail
in vivo because of its limited penetration of
light in tissue."" Ideally, to bridge gaps in
sensitivity, resolution, and penetration depth
of multilevel visualization from the cellular
scale to whole-body animal, photolumines-
cence emission, radioactivity, and magnetic
properties should be combined within
one system for multilevel imaging. To date,
some dual-modality bioimaging (especially
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ABSTRACT A novel method of rare-earth cation-assisted ligand assembly has been developed to

provide upconversion nanophosphors with T;-enhanced magnetic resonance (MR), radioactivity, and

targeted recognition properties, making these nanoparticles potential candidates for multimodal

bioimaging. The process of modifying the surface of the nanophosphors has been confirmed by

transmission electron microscopy, X-ray powder diffraction, X-ray photoelectron spectroscopy, proton

nuclear magnetic resonance, Fourier-transform infrared spectroscopy, energy-dispersive X-ray

analysis, and so on. The versatility of this surface modification approach for incorporating functional

molecules and fabricating fluorine-18-labeled magnetic-upconversion nanophosphors as multimodal

bioprobes has been demonstrated by targeted cell imaging, in vivo upconversion luminescence, MR

imaging, and positron emission tomography imaging of whole-body small animals.

KEYWORDS: upconversion nanophosphors - rare-earth cation - fluorine-18 -

magnetic - multimodal

optical/PET) have been developed;'?~2° how-
ever, few examples of multifunctional materi-
als combining radioactivity, magnetic, and
photoluminescence emission properties have
been reported for trimodality bicimaging.?'*2

Due to their unique 4f electron structures,
rare-earth ions display rich optical and mag-
netic properties, and rare-earth materials
may be ideal building blocks for fabricating
multifunctional bioprobes. The gadolinium ion
(Gd*"), having seven unpaired electrons, pro-
vides high paramagnetic relaxivity, and Gd>*-
containing materials are usually used as T;-
positive contrast agents.>*~ %> Some nanopar-
ticles co-doped with rare-earth ions show
unique photoluminescent properties.!26~%*
For example, under continuous-wave (CW)
excitation at 980 nm, NaYF, nanoparticles
doped with Yb*" as a sensitizer and Er**
(and/or Tm**, Ho®*") as an activator display
upconversion luminescence in the visible
region. As a result, doping one system with
different rare-earth ions becomes a powerful
method for fabricating magnetic/optical di-
functional materials. To date, several types of
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Scheme 1. Schematic of fluorine-18-labeled magnetic-upconversion functional nanocrystals. OM: oleyl amine; FA: folic acid;

OA: oleic acid; AA: aminocaproic acid.

nanoparticles based on NaYF, or NaGdF, co-doped
with Yo", Er**/Tm3*, and Gd*" having upconversion
luminescence (UCL) and magnetic resonance proper-
ties have been reported for T;-positive MR and UCL
in vivo dual-modality whole-body imaging of small
animals.'®%°

As an alternative to the method of doping with G
for MRI application, another strategy is surface mod-
ification of nanoparticles, because surface Gd*>" ions
are mainly responsible for the T; enhancement in MRI.
In the present article, we propose a novel and facile
strategy (Scheme 1) for synthesizing multifunctional
nanoparticles that integrate UCL (NaYF,:Yb,Er), mag-
netism (Gd*"), radioactivity (*®F), and targeted recog-
nition (folic acid). Of particular note is that Gd*>* is not
doped within the host materials, but is distributed on
the surface of the nanocrystals by cation exchange
with Y3, Hence, the nanocrystals possess novel mag-
netic resonance properties. The upconversion nano-
phosphors (UCNPs) modified by Gd** (Gd-UCNPs) can
be further functionalized using a variety of capping
molecules, imparting different surface functionaliza-
tions to the UCNPs depending on the molecules
employed. '8F has been introduced on the UCNPs
through interaction with the rare-earth ions for PET
imaging. Moreover, we have explored the cell-targeted
imaging, and in vivo UCL, MR, and PET imaging of the
obtained multifunctional UCNPs.

d3+

RESULTS AND DISCUSSION

Characterization of the Nanophosphors. The OM-UCNPs
were synthesized according to a modified cothermo-
lysis process.*® They were soluble in nonpolar solvents
(such as cyclohexane) owing to the presence of the
organic ligand (OM) on the surface of the UCNPs.
When a large volume of chloroform was added to a
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dispersion of the OM-UCNPs in cyclohexane, UCNPs
were found to precipitate after 10 min of ultrasonica-
tion, revealing a remarkable change in solubility in
nonpolar media due to cleavage of the OM from the
surface of the UCNPs. Thus, UCNPs treated with chloro-
form under ultrasonication were no longer capable of
dispersion in either nonpolar or polar solvents, neces-
sitating their further modification. It is well known that
the coordinating ability of the —COOH group toward
rare-earth ions is quite strong. In the present study,
oleic acid (OA), aminocaproic acid (AA), and folic acid
(FA) were chosen as new functional ligands to functio-
nalize the UCNPs. Before the assembly of these new
ligands on the surface of the UCNPs, Gd*" was intro-
duced on the UCNPs by cation exchange, which not
only imparted magnetic resonance properties but also
increased the positive charge on the surface of the
UCNPs, favoring the attachment of new carboxylic acid
ligands. Radioactive '8F~ for PET imaging could then
be integrated on the UCNPs through interaction with
the rare-earth ions, as shown in Scheme 1.

The morphology and structure of the UCNPs were
characterized by transmission electron microscopy
(TEM), dynamic light-scattering (DLS), and X-ray pow-
der diffraction (XRD). The well-dispersed particles were
coated with long-chain oleyl amine ligands, as shown
in Figure 1a. Their sizes were in the range 10—20 nm,
which is consistent with the DLS data (Figure S1a). After
assembly of the carboxylic acid ligands (to form AA-
Gd-UCNPs), the size of the water-dispersible nano-
particles increased to 22—30 nm (Figure 1b). DLS data
(Figure S1b) revealed that the overall diameter of the
UCNPs was increased by 6—14 nm, corroborating the
assembly of the new carboxylic acid ligands. These facts
indicated that the surface ligands were brushed off,
depressing the surface passivation. HR-TEM (Figure 1c)
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Figure 1. TEM of OM-UCNPs (a) and OA-Gd-UCNPs (b); (c) HR-TEM of OM-UCNPs. Inset in (a) and (b) is ED pattern of OM-UCNPs
and AA-Gd-UCNPs, respectively.
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Figure 2. XPS of (a) OM-UCNPs, (b) UCNPs washed by
cyclohexane and chloroform, (c) Gd-UCNPs, and (d) OA-Gd-
UCNPs.

showed that the lattice distances were both 0.52 nm,
corresponding to the (1010) and (0110) planes of a
hexagonal phase, respectively. To further confirm the
compositions and the crystallinities of the obtained OM-
UCNPs and AA-Gd-UCNPs, the XRD patterns of the
samples were studied (Figure S2). All of the positions
and intensities of the diffraction peaks, both before and
after ligand assembly, could be indexed to a pure
hexagonal phase, in good agreement with the JCPDS
data.

Characterization of Surface Modification. The surface
modification involved two steps: first, Gd>" was intro-
duced on the UCNPs by cation exchange; then new
ligands containing —COOH, which has a strong co-
ordination ability toward rare-earth ions, were as-
sembled. The cation exchange was monitored by XPS
and EDXA. The full XPS spectrum is shown in Figure 2.
Photoelectron spectra of Gd>* 3d” and 3d> were re-
corded after its attachment. The Gd/Ln (Y, Yb, Gd) ratio
was found to be about 1/2 by XPS analysis. Energy-
dispersive X-ray analyses (EDXA) of both the OM-UCNPs
and OA-Gd-UCNPs are shown in Figure S3. The EDXA
patterns confirmed the presence of Na, Y, F, and Yb in
the samples of both OM-UCNPs and OA-Gd-UCNPs, with
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Figure 3. THNMR of free OM (A), OM-UCNPs (B), Gd-UCNPs
(C), and OA-Gd-UCNPs (D).

Gd appearing solely in the OA-Gd-UCNPs, and the Gd/Ln
(Y, Yb, Gd) ratio was about 1/5. The difference in the Gd/
Ln (Y, Yb, Gd) ratios estimated by XPS and EDXA may
possibly be ascribed to the difference in detection
depths, because XPS analyzes the surface elements of
nanoparticles to a nanoscale depth, while EDXA ana-
lyzes the elements of the whole nanoparticles to a
microscale depth.

In the present study, oleic acid and aminocaproic
acid were chosen to assemble on the surface of the
UCNPs as new ligands. The change of surface ligand on
the UCNPs was tracked by 'H NMR, FT-IR, TGA, amine
content, and zeta-potential test. To avoid interference
from the dopant ions (Yb*", Er**, and Tm**) on the 'H
NMR signal, undoped NaYF, nanoparticles were used
in place of UCNPs for the "H NMR study. Figure 3 shows
the '"H NMR spectra of the moieties attached to the
undoped NaYF, at the different stages of the ligand
assembly process. The 'H NMR spectrum of the as-
prepared NaYF, sample dispersed in CDCl; (Figure 3B)
exhibits the characteristic peaks of oleyl amine, which
appear broadened compared with the spectrum of free
oleyl amine in CDCl; (Figure 3A). Signal broadening of this
type has been observed in a previous report on UCNPs.”’
After washing with chloroform under ultrasonication, no
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Figure 4. FT-IR spectra of (a) OM-UCNPs, (b) Gd-UCNPs, and
(c) OA-Gd-UCNPs.

signal was detected in the spectrum shown in
Figure 3C except that of a trace of impurity. After
further treatment with the rare-earth cation and oleic
acid, the "H NMR spectrum of NaYF, coated with oleic
acid dispersed in CDCl; was also recorded (Figure 3D)
and proved to be similar to the standard spectrum of
oleic acid, apart from the broadening.

The successful accomplishment of ligand assembly
was also verified by Fourier-transform infrared (FT-IR)
analysis. In the course of preparation of the OM-UCNPs,
oleyl amine was coated onto the outer face of the in
situ generated UCNPs through the interaction between
the rare-earth cation (Gd*") and the amino groups of
the amine, with the hydrophobic alkyl chains directed
toward the exterior. As a result, the OM-UCNPs were
easily dispersed in a nonpolar solvent (such as hexane
or chloroform). As shown in Figure 4a, transmission
bands at 2926 and 2855 cm ™' attributable to asym-
metric (v,5) and symmetric (v;) stretching vibrations,
respectively, of methylene (CH,) in the long alkyl
chains of OM were measured. Moreover, a peak at
3007 cm™ ', assigned to =C—H stretching vibration,
was clearly observed in the FT-IR spectrum of the OM-
UCNP sample. However, this feature was apparently
lost after washing with chloroform under ultrasonica-
tion (Figure 4b). Two bands at 1562 and 1463 cm™ ',
corresponding to the in-plane bending vibration, and a
restored characteristic band at 3007 cm™" attributable
to =C—H stretching vibration were observed for the
oleic acid-coated nanoparticles (Figure 4c).

To evaluate the amount of ligand on both the as-
prepared and chloroform-washed UCNP samples,
thermogravimetric analysis (TGA) was performed
(Figure S4). It is clear that the amount of oleyl amine
ligands on the present as-prepared samples was about
184 wt %; however, only 5.6 wt % of this ligand
remained on the surface after washing with chloroform
under ultrasonication, suggesting that the bulk of the
ligand was removed during the washing. The remainder
may possibly be attributed to the presence of CF;COO ™,
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Figure 5. Room-temperature upconversion luminescence
spectra of OM-UCNPs (1 mg/mL) in cyclohexane and AA-Gd-
UCNPs (1 mg/mL) in water. The inset shows luminescence
and bright-field photos of 1 mg/mL AA-Gd-UCNPs (Er) (a)
and 1 mg/mL AA-Gd-UCNPs (Tm) (b) in water under CW
excitation at 980 nm (power ~ 1000 mW).

which did not decompose completely and was en-
wrapped in the nanoparticles in the process of fast
nucleation, as indicated by XPS data (Figure S5).

When the ligand was changed to aminocaproic
acid, the amount of amine could be determined by
means of Fmoc protection and a standard Fmoc
quantification protocol. The amine content of the
UCNPs was determined to be (5.6 + 0.8) x 10~> mol/g
(Figure S6). The effects of the ligand-exchange pro-
cess were further investigated on the basis of the
zeta-potential. The zeta-potential of the OM-UCNPs
was estimated as about +12 mV in ethanol. Upon
treatment with Gd®", it changed to a more positive
+25 mV, which confirmed that Gd** had been intro-
duced on the surface of the UCNPs. When the new
ligands had been assembled, the zeta-potential de-
creased to +18 mV, which resulted from coordination
between the exterior cations and the new ligands.

On the basis of the above-described 'H NMR, FT-IR,
TGA, amine content, and zeta-potential results, it can
be deduced that the oleyl amine ligand was removed
by washing with chloroform under ultrasonication and
that the new carboxylic acid ligands (oleic acid or
aminocaproic acid) were assembled on the surface of
UCNPs by adding them in conjunction with Gd**.
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Figure 6. Confocal luminescence imagings of FR(++) KB (a) and FR(—) MCF-7 cells (c) stained with 200 g mL™ " FA-AA-Gd-

UCNPs nanocomposites for 1 h at 37 °C (1 = 980 nm). Part b shows the materials comparison experiments of FR(+) KB cells
incubated with AA-Gd-UCNPs under the same conditions, while the competitive experiments with FA is shown in part d. (1)
Aem = 520—560 nm and (2) Ae,,, = 640—680 nm, bright-field image of cells shown in panel 3. (4) Overlay image of 1, 2, and 3.

Upconversion Luminescence. No obvious change in the
UCL wavelength and sharpness except a slight de-
crease in luminescence intensity was observed before
and after assembly of the new ligands, which may be
attributed to the change of ligands and solvent. Figure
5a shows the room-temperature UCL spectra of OM-
UCNPs and AA-Gd-UCNPs doped with Er*" in the
wavelength region 500—700 nm. Bright-green emis-
sions at 521 and 540 nm, corresponding to the
Hy15—s2 and *Ss,—145/, transitions, and a weak
red emission at 654 nm, attributable to the *Fg/,—*l;5/2
transition, were observed in cyclohexane and water,
respectively. Figure 5b shows the UCL spectrum of
Tm>"-doped UCNPs under CW excitation at 980 nm.
The upconversion luminescence emission at around
475 nm is originated from the transition 'G,—~>Hg, and
emission at 800 nm can be attributed to the transition
3H,—~3He, which is an ideal wavelength for in vivo
imaging because of the deeper tissue penetration.
Corresponding upconversion luminescence images
of the AA-Gd-UCNPs are shown in the insets of
Figure 5a and b, respectively. For further application
in bioimaging, the stability of AA-Gd-UCNPs suspen-
sion dispersed in PBS was determined by UCL spectra.
As shown in Figure S7, even though 48 h later, the UCL
intensity of AA-Gd-UCNPs dispersed in PBS is mostly
the same as those of the original state (0 h in PBS) and
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in water. The inset of Figure S7 shows the bright-field
photo of AA-Gd-UCNPs dispersed in PBS for 0 and 48 h.
Cytotoxicity and Cell Imaging. To ascertain whether FA
had been capped on the surface of the UCNPs, cellular
targeted imaging was required. However, before com-
mencing such targeted imaging experiment, it was
necessary to investigate the cytotoxicity of the FA-AA-
Gd-UCNPs. The cytotoxicity of UCNPs doped with Er*",
which were designed to be used as a probe for cell
imaging, was tested. On the basis of the reduction
activity of methyl thiazolyl tetrazolium (MTT), increas-
ing concentrations of the nanoparticles were incu-
bated with KB cells and cell viability was assessed.
The viability of the untreated cells was assumed to be
100%. The results are shown in Figure S8. The cell
viability was higher than 95% for all doses, even after
10 h of exposure. These data show that FA-AA-Gd-
UCNPs can be considered to have low cytotoxicity.
To determine whether UCNPs coated with folic acid
and aminocaproic acid (FA-AA-Gd-UCNPs, FA:AA = 1:9)
could be used for cellular targeted imaging, we perfor-
med in vitro cellular studies using FR-positive [FR(+)]
KB cell lines and FR-negative [FR(—)] MCF-7 cell lines.
The ability of FA-AA-Gd-UCNPs to target FR(+) cells was
evaluated by means of a laser scanning upconversion
luminescence microscope (LSUCLM) equipped with CW
excitation at 980 nm.” Under CW excitation at 980 nm,
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Figure 7. Invivo (a), in situ (b), and in vitro (c) upconversion imaging at 10 min postinjection of AA-Gd-UCNPs. 1, lung; 2, liver;

3, stomach; 4, heart; 5, spleen; 6, kidney; 7, intestines.

a strong luminescence signal was observed from the
KB cells after 1 h of incubation at 37 °C (Figure 6a1, a2),
while the MCF-7 cells showed much lower lumines-
cence (Figure 6¢1, c2). Moreover, the luminescence
intensity obtained from the live KB cells was much
higher than that obtained from the MCF-7 cells. Addi-
tionally, overlays of confocal luminescence (Figure 6a4)
and bright-field images (Figure 6a3) demonstrated that
the luminescence was evident on the surface of the KB
cells. Furthermore, confocal luminescence imaging data
collected as a series along the Z-optical axis (Z-stack)
(Figures S9 and S10) verified that the luminescence
signal of the nanocomposites was indeed localized on
the KB cells. These results imply that the KB cells express
a higher amount of folate receptor than the MCF-7 cells
and that the FA-AA-Gd-UCNPs selectively accumulate
on the surface of the FR(+) KB cells. To support the
receptor-mediated endocytosis of the nanocomposites,
we also conducted competition experiments and ma-
terial comparison experiments under the same experi-
mental conditions. The competition experiments were
conducted by simultaneously incubating FR(+) KB cells
with excess free FA or FA-AA-Gd-UCNP nanocomposites
at 37 °C for 1 h. As a result, only weak luminescence
was observed, as shown in Figure 6d (bottom panel).
The competing nanocomposite used in the material
comparison experiments was AA-Gd-UCNPs, with
which very weak signals were detected, as shown in
Figure 6b. All of the above results suggested that FA
had indeed been capped on the surface of UCNPs by
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the surface-modification process and that the folate
receptor-mediated targeted delivery was effective.

In Vivo Upconversion Imaging. To demonstrate the
capability of AA-Gd-UCNPs doped with Tm*" to serve
as a nanoprobe for optical bioimaging, we performed
in vivo upconversion luminescence imaging of Kunm-
ing mice through tail vein injection of these nanopar-
ticles (200 uL, 0.5 mg/mL per animal). Analyses of
Figure 7a revealed that nanoparticle aggregates were
distributed in the liver and spleen. Rapid accumulation
in the liver and spleen and relatively slow excretion are
classical behaviors of in vivo nanoparticles, since the
liver contains phagocytic cells and the liver and spleen
are the main organs for eliminating foreign particles. As
is well known, nanoparticle aggregation in living ani-
mals can lead to significant uptake in the lungs, so the
observation of quite weak upconversion signal from
the lungs in in situ (Figure 7b) and ex vivo (Figure 7c)
studies suggests no significant aggregation of the
AA-Gd-UCNPs in the above-mentioned experiments.
Notably, although the upconversion nanomaterials
improve the penetration greatly as optical imaging
probe, to date, it still lacks the full capability to obtain
anatomical and physiological detail in vivo.

Relaxivity Measurement and in Vivo MRI. MRI can provide
an excellent spatial resolution and depth for in vivo
imaging and can provide exceptional anatomical in-
formation. Gadolinium (Gd>*), as a member of the rare-
earth ions, has been used in MRI as a positive contrast
agent. Owing to the presence of Gd>" on the surface of
AA-Gd-UCNPs, these particles could also act as a T; MRI
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Figure 8. (a) Relaxation rate R, (1/T;) versus various mass concentration (0.125, 0.064, 0.032, 0.016 mg/mL) of AA-Gd-UCNPs at
room temperature using a 3 T MRI scanner. (b) T;-weight and color-mapped MR images of various concentrations (0.125,

0.064, 0.032, 0.016 mg/mL) of AA-Gd-UCNPs. Deionized water (0 mg/mL) was the reference. Magnetic resonance images of
transversal cross-sectional images of the liver (c, d) and spleen (e, f) of mouse at preinjection and at 10 min postinjection of the

AA-Gd-UCNPs.

contrast agent. Figure 8a displays the T;-weighted
relaxivity in the range 0.016—0.125 mg/mL, which
shows a signal that was enhanced by increasing AA-
Gd-UCNP concentrations. A good linear relationship
was observed when the mass concentration of the AA-
Gd-UCNPs was plotted against R;. The relaxivity para-
meter (r;) calculated from the slope of the concentra-
tion-dependent relaxation 1/T; (R;) is also shown in
Figure 8a. Based on the slope, the value of r; at 38 °C
and 3 T magnetic strength was estimated to be 28.39
s~" (mg/mL)~". Although a precise explanation for the
good relaxation properties requires further research,
the enhancement of r; can be explained by consider-
ing the increased amount of Gd on the surface of the
UCNPs. In addition, Figure 8b displays T;-weighted and
color-mapped images in the range 0—0.125 mg/mL.
This study has demonstrated that the Gd*-containing
UCNPs could indeed serve as an effective T; MRI
contrast agent. Furthermore, relaxivity measurement
in vitro of AA-Gd-UCNPs incubated in PBS for 48 h
(Figure S11) was also performed. After incubating in
PBS, the relaxivity of AA-Gd-UCNPs is around the value
in water (2839 S7).
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Moreover, the feasibility of using AA-Gd-UCNPs as a
contrast agent for MRI in vivo was tested. To evaluate
the positive contrast enhancement of AA-Gd-UCNPs
in vivo, anatomical images were acquired in the trans-
versal planes. Comparison of pre- and postcontrast T;-
weighted transversal cross-sectional images of mice
revealed significant contrast enhancement in the liver
area (region 1in Figure 8c, d) and spleen area (region 2
in Figure 8e,f), which further confirmed the accumula-
tion of the nanomaterials in these organs. At 10 min
postinjection of AA-Gd-UCNPs, the enhancements in
signal intensities in the liver and spleen were deter-
mined as 29.4% and 30.5%, respectively. These results
verified that AA-Gd-UCNPs could be applied as an MRI
positive-contrast agent.

In Vivo PET Imaging. MRl is capable of providing
precise anatomical information, yet suffers from low
signal sensitivity; so integrating MRl and PET is required
for in vivo imaging. Radio-TLC analysis demonstrated a
92% labeling yield of '8F-AA-Gd-UCNPs. Even after 2 h
incubation in PBS, the '®F-labeling yield is still more
than 90%. In vivo PET imaging was performed in a
Siemens Inveon small-animal micro-PET scanner,
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Figure 9. (a) Kunming mice PET imaging 10 min postinjec-
tion of "®F-AA-Gd-UCNPs (200 «g/mL). (b) Biodistribution of
T8E_AA-Gd-UCNPs at 10 min and 2 h postinjection; the data
shown are based on five mice per group.

whereby an image was acquired at 10 min postinjec-
tion, as shown in Figure 9a. Intense radioactivity signals
were observed exclusively in the liver and spleen,
which confirmed that '®F-AA-Gd-UCNPs had been
rapidly taken up by these two organs. The results were
consistent with those from UCL imaging and MRI.
Moreover, considering that free "E~ has an innate
bone-targeting ability, the low radioactivity signal from
bone indicated that most of the '®F radiolabel was

MATERIALS AND METHODS

Materials. All starting materials were obtained from com-
mercial supplies and used as received. Rare earth oxides Y,03
(99.999%), Yb,05 (99.999%), Er,05 (99.999%), Tm,05 (99.999%),
and Gd,03 (99.999%), were purchased from Shanghai Yuelong
New Materials Co. Ltd. Oleyl amine (OM) (>90%) and oleic acid
(OA) were purchased from Alfa Aesar Ltd. Aminocaproic acid
(AA), folic acid (FA), hydrochloric acid, and trifluoroacetic acid
(99%) were supplied from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai). All other chemical reagents of analytical grade
were used directly without further purification. Deionized water
was used throughout. RE(CF3COO); were prepared with the
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retained on the '8F-AA-Gd-UCNPs in the course of the
experiment. The result was further confirmed by ex vivo
biodistribution. As shown in Figure 9b, rapid accumu-
lation of nanoparticles was found in the liver [~80.8%
of the injected dose (ID)/g] and spleen (~36.6% ID/g) at
10 min, while at 2 h the liver uptake decreased to
~53.5% ID/g, and the spleen accumulation increased
to 89.9% ID/g. Uptake in the heart, lungs, kidney, and
other organs (including bone) was very low (<13%
ID/g). In addition, these features attested that the
'8F-labeling and in vivo PET imaging strategy described
here provides a facile method for real-time tracking
with high sensitivity for bioimaging in vivo.

CONCLUSION

In conclusion, a novel strategy for modifying the
surface of upconversion nanophosphors has been
developed, which imparts them with excellent upcon-
version luminescence properties, MR, radioactivity,
targeted function, and water- and biocompatibility,
thereby making these nanoparticles a potential candi-
date for multimodal bioimaging. The versatility of this
surface modification approach for incorporating func-
tional molecules and fabricating radioactive magnetic-
upconversion nanophosphors has been demon-
strated by means of cellular targeted imaging, MRI,
in vivo upconversion luminescence imaging, and PET
imaging, and the as-synthesized UCNPs obtained by
rare-earth cation-assisted ligand assembly can indeed
be applied as a trimodal probe. In particular, the
strategy of introducing Gd*' by cation exchange
supersedes previous methods of Gd**-doping or
using a host material containing Gd*>*, since surface
Gd** ions are mainly responsible for the T; enhance-
ment in MRI, and the value of r; is 28.39 s (mg/
mL)~". This study opens up new perspectives for the
preparation of uniform nanoprobes for multimodal
bioimaging application from the cellular scale to
whole-body evaluation. Furthermore, this strategy
may provide great potential for designing further
multifunctionalized upconversion nanophosphors
owing to the possibility of varying the rare-earth ion
and the new ligand.

literature method.®®> GdCl; was prepared by dissolving the
Gd,05 and hydrochloric acid at elevated temperature.
Characterization. Powder X-ray diffraction measurements
were performed on a Bruker D4 diffractometer at a scanning
rate of 1 °C/min in the 26 range from 10° to 70° (Cu Ko radiation,
A = 1.54056 A). The size and morphology of UCNPs were
determined at 200 kV at a JEOL JEM-2010 low- to high-resolu-
tion transmission electron microscope (HR-TEM). These as-pre-
pared samples were dispersed in cyclohexane and dropped on
the surface of a copper grid for TEM testing. "H NMR spectra
were recorded on a Varian Mercury 400 spectrometer. Proton
chemical shifts are reported in parts per million downfield from
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tetramethylsilane. Fourier transform infrared spectra were per-
formed using an IRPRESTIGE-21 spectroscope (Shimadzu) with
KBr pellets. The wavenumber range recorded was 400—4000
cm™~ " Thermogravimetric analysis curves were recorded on a
DTG-60H (Shimadzu) at a heating rate of 10 °C/min. The
upconversion luminescence emission spectra were recorded
on an Edinburgh LFS-920 instrument, but the excitation source
was an external 0—2 W adjustable 980 nm semiconductor laser
(Beijing Hi-Tech Optoelectronic Co., China) with an optic fiber
accessory, instead of the Xeon source in the spectrophot-
ometer. The images of upconversion luminescence were ob-
tained digitally on a Nikon multiple CCD camera. Dynamic light
scattering and zeta-potential experiments were carried out on
an ALV-5000 spectrometer-goniometer equipped with an ALV/
LSE-5004 light scattering electronic and multiple tau digital
correlator and a JDS Uniphase He—Ne laser (632.8 nm) with an
output power of 22 mW. The size distribution was measured at
25 °C with a detection angle of 90°. XPS experiments were
carried out on a RBD upgraded PHI-5000C ESCA system (Perkin-
Elmer) with Mg Kat radiation (hv = 1253.6 eV) or Al Ko radiation
(hv =1486.6 eV).

Synthesis of Oleyl Amine Capped UCNPs [abbreviated as OM-UCNPs].
Various UCNPs without ligands at the surface were prepared by
a modified co-thermolysis process.** A 4 mmol amount of
CF3COONa and 2 mmol (total amounts) of Ln(CF3COO); (Ln:
78 mol %Y + 20 mol % Yb + 2 mol % Er/1 mol % Tm) were added
to 20 mL of OM in a 100 mL three-neck round-bottom flask at
room temperature. Next, the reaction solution was directly
heated to 120 °C to remove water and oxygen, with vigorous
magnetic stirring in the current of argon for 1 h. At this point, the
reaction mixture was a transparent solution. Then the solution
was heated to 320 °C under argon at a rate of 10 °C per minute
and maintained at this temperature for 1 h. After the reaction
was complete, 10 mL of cyclohexane was poured into the
solution at room temperature. The resultant mixture was cen-
trifugally separated (15455g, 8 min every time in 20 °C), and the
products were collected, named OM-UCNPs. The centrifugal
separation was carried out by a Sigma 3K30 centrifugal
machine. The as-precipitated nanocrystals were washed with
cyclohexane and chloroform three times and dried under
vacuum at room temperature overnight.

Synthesis of Gd* "-Capped UCNPs [abbreviated as Gd-UCNPs]. The as-
prepared OM-UCNPs were washed with cyclohexane and
chloroform three times and dried under vacuum at room
temperature overnight. Aqueous GdCls solution (0.5 mM,
5 mL) was added to UCNPs (50 mg) in a 10-mL round-bottomed
flask. Initially, all of the UCNPs remained at the bottom of the
round-bottomed flask. The mixture was then stirred to trans-
parency at room temperature, within several minutes, such that
the UCNPs were homogeneously dispersed in the aqueous
solution. After centrifugation (15455g, 8 min every time in
20 °C) and repeated washing of the collected solid with water,
the precipitate was redispersed in deionized water until further
utilization.

Assembly of Carboxylic Ligand [abbreviated as AA/OA/FA-Gd-UCNPs, FA-
AA-Gd-UCNPs]. Aqueous solutions of aminocaproic acid/oleic
acid/folic acid (2 mmol in total) or of aminocaproic acid (1.8
mmol) and folic acid (0.2 mmol) were added to Gd-UCNPs (50
mg) in a 10 mL round-bottomed flask. Initially, the nanoparticles
were dispersed in the water by ultrasonication, and then the
mixture was stirred for 1 h at room temperature to obtain a
homogeneous phase. Thereafter, the mixture was centrifuged
(15455g, 8 min every time in 20 °C), and the collected solid was
repeatedly washed with water. The precipitate could be redis-
persed in deionized water or other polar solvents. UCNPs
modified by AA/OA/FA or AA and FA were designated as AA/
OA/FA-Gd-UCNPs and FA-AA-Gd-UCNPs, respectively.

Synthesis of '°F-Labeled AA-Gd-UCNPs [abbreviated as 'SF-AA-Gd-
UCNPs]. The as-prepared AA-Gd-UCNPs (0.2 mg) were mixed
with 0.4 mL of aqueous solution of '8~ (~170 MBq) at room
temperature, and the mixture was then treated by sonication for
10 min. '8F-AA-Gd-UCNPs was obtained by centrifugation
(15455g, 8 min every time in 20 °C). The "®F-AA-Gd-UCNPs were
washed three times with distilled water by sonication and
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centrifugation.®®®” Radio-TLC analysis showed that the labeling
yield of '®F-AA-Gd-UCNPs was 92%.

Cell Culture. A human nasopharyngeal epidermal carcinoma
cell line (KB cell) was provided by the Institute of Biochemistry
and Cell Biology, SIBS, CAS (China). Cells were grown in RPMI
1640 (Roswell Park Memorial Institute's medium) supplemented
with 10% FBS (fetal bovine serum) at 37 °C and 5% CO,. Cells
(5 x 108 /L) were plated on 14 mm glass coverslips under 100%
humidity condition and allowed to adhere for 24 h.

Cytotoxicity of FA-AA-Gd-UCNPs. In vitro cytotoxicity was mea-
sured by performing MTT assays on the KB cells. Cells were
seeded onto a 96-well cell culture plate at 5 x 10*/well, under
100% humidity, and were cultured at 37 °Cand 5% CO, for 24 h;
different concentrations of FA-AA-Gd-UCNPs (0, 200, 400, and
800 ug/mL, diluted in RPMI 1640) were then added to the wells.
The cells were subsequently incubated for 10 h at 37 °C under
5% CO,. Thereafter, MTT (10 uL; 5 mg/mL) was added to each
well, and the plate was incubated for an additional 4 h at 37 °C
under 5% CO,. After the addition of 100 uL of DMSO, the assay
plate was allowed to stand at room temperature for 2 h. The
0OD570 value (Abs) of each well, with background subtraction at
690 nm, was measured by means of a Tecan Infinite M200
monochromator-based multifunction microplate reader. The
following formula was used to calculate the inhibition of cell
growth: Cell viability (%) = (mean of Abs value of treatment
group/mean Abs. value of control) x 100%.

Cellular Staining. To ensure complete dispersion of the FA-
AA-Gd-UCNPs in the serum-free media, their solutions (200 ug/
mL) obtained from a stock suspension were sonicated for
30 min. For single-label imaging, KB cells were stained with
100 ug/mL FA-AA-Gd-UCNPs in a 5% CO, incubator at 37 °C for
1 h. Living cell imaging was then carried out after washing the
cells with PBS three times to remove the excess FA-AA-Gd-
UCNPs.

Confocal Imaging of FA-AA-Gd-UCNPs Incubated Living Cells. Confo-
cal imaging of cells was performed with a modified Olympus
FV1000 laser scanning confocal microscope equipped a con-
tinuous-wave NIR laser operating at 980 nm (Connet Fiber
Optics, China).” A 60 oil-immersion objective lens was used.
For the FA-AA-Gd-UCNPs, the CW NIR laser operating at 980 nm
provided the excitation, and emission was collected at 540 & 20
and 660 + 20 nm.

In Vivo Upconversion Imaging. Kunming mice (~20 g) were
anesthetized (with 10% chloral hydrate, 100 ul) and were
injected intravenously with the AA-Gd-UCNPs solution (200 uL,
0.5 mg/mL). Ten minutes later, the upconversion imaging was
performed utilizing the upconversion imaging equipment devel-
oped by our group® and a power density of 150 mW/cm?.

Relaxivity Measurement in Vitro. The T;-weighted MR images
were obtained using a 3 T Siemens Magnetom Trio running on
Siemens' Syngo software version B15 (Siemens Medical Sys-
tems), in conjunction with an 8 array loop coil (Siemens Medical
Systems). Dilutions of AA-Gd-UCNPs (0.125, 0.064, 0.032, 0.016
mg/mL) in deionized water were placed in a series of 1.5 mL
tubes for T;-weighted MR imaging and T;-weighted contrast
enhancement. The following parameters were adopted: a stan-
dard inversion recovery (IR) spin—echo sequence: a repetition
time (TR) of 6500 ms, an echo time (TE) of 7.6 ms, and 10 inversion
recovery times (Tl = 23, 100, 200, 400, 600, 800, 1000, 1200, 1500,
2000, and 3000 ms). Flip angle = 1209, slice thickness = 3.0 mm,
FOV read = 190 mm, base resolution = 320. The MR signal
intensity in the tubes was ascertained by the average intensity
in the defined regions of interests. T; values of each tube were
calculated using the following formula: S(T1) = So x [1—2 exp(—TI/
T))] to fit the T, recovery curve in the circular regions of interest
for the sample. The resulting T; values were averaged over the
region of interest and plotted as 1/T; (R;) vs molar concentration
of AA-Gd-UCNPs. The slope of the line provides the molar
relaxivity, ry.

Magnetic Resonance Imaging in Vivo. Animal procedures were in
agreement with the guidelines of the Regional Ethics Commit-
tee for Animal Experiments. In vivo experiments were per-
formed on anesthetized mice (~20 g) with 10% chloral
hydrate, 100 uL. MRl was conducted on a 3 T Siemens
Magnetom Trio, using a T;-mapping sequence (TR = 150 ms,

VOL.5 = NO.4 = 3146-3157 =

ACH AN

WWww.acsnhano.org

3154



TE = 13 ms, flip angle = 5° and 18.596°, voxel size = 0.3 x 0.3 x
2 mm, slice thickness = 2.0 mm, FOV read = 80 mm). The mice
were scanned before and after the administration of contrast
agent. The PBS solution (150 ul) of the hydrophilic AA-Gd-
UCNPs (0.2 mg/mL) was injected intravenously, and MRI trans-
versal cross section images were obtained for each animal,
which maintained normal body temperature for over 30 min.

In Vivo Positron Emission Tomography Imaging and ex Vivo Biodistribu-
tion. For PET imaging, '8F_AA-Gd-UCNPs (~6.0 MBq, 30 uQg)
in 100 uL of saline were injected into an anesthetized mouse
(~20 g in body weight) through the tail vein under authoriza-
tion of the Regional Ethics Committee for Animal Experiments.
PET images were recorded on a Siemens Inveon small-animal
PET scanner, with a typical acquisition time of 10 min. For bio-
distribution studies, '®F-AA-Gd-UCNPs (~151 kBq) in 100 uL of
saline were injected into mice. The major organs were collected
and weighed at 10 min and 2 h postinjection. Radioactivity in
the organs was measured using a y-counter (WIZARD 1470,
PerkinElmer Wallac, USA) and calibrated against a known
aliquot of the injectate. Values are presented as mean =+
standard deviation for five animals per group.
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