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Highly Efficient Fluorescence of NdF3/SiO2 Core/Shell
Nanoparticles and the Applications for in vivo NIR
Detection**
By Xue-Feng Yu, Liang-Dong Chen, Min Li, Meng-Yin Xie, Li Zhou, Yan Li, and

Qu-Quan Wang*
The use of near-infrared (NIR) fluorescence is a promising

approach for biomedical imaging and detection.[1–6] Such

applications with well performances require: (i) the excitation

and emission are within 700–1100 nm (the so-called ‘‘NIR

optical window’’) to provide deeper tissue penetration of

photons with reduced photodamage effects,[7] and (ii) a large

frequency shift between the emission and excitation to provide

an efficient signal-to-noise (S/N) ratio.[3]

Based on these considerations, NIR semiconductor quan-

tum dots (QDs), with brighter fluorescence and larger Stokes

shift than organic dyes, have been discussed intensely.[3–5,8]

However, they are still controversial because of their inherent

toxicity and chemical instability.[9,10] Recently, nanosized

materials based on rare-earth (RE) ions (such as Nd3þ,

Er3þ, Ho3þ, and Pr3þ) have been proposed to be a promising

new class of biological NIR probes. Such materials are

attractive due to their unique optical and chemical features,

such as characteristic sharp fluorescence, long fluorescence

lifetime (ms toms range), good photostability and low toxicity.[11]

In recent years, strategies have been developed to increase

the optical capabilities of NIR RE nanoparticles (NPs) via

suppressing surface quenching and concentration quenching,

which are two main energy-loss effects in RE materials.[12–20]

In 2002, van Veggel et al. synthesized NIRRE ions doped LaF3

NPs which demonstrated excellent optical efficiency in organic

solvents,[12] but such NPs were not water-soluble or biocom-
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patible. Subsequently, different methods were designed to

prepare water-soluble RENPs,[14,15] however, the O–H groups

on their surfaces noticeably hampered their optical efficiency.

To suppress such energy-loss effect caused by the environment,

the beneficial influence of passivating inorganic shells (such as

undoped LaPO4
[16] and LaF3

[17,18]) has impressively been

demonstrated in recent literatures.

On the other hand, concentration quenching is another

common energy-loss mechanism for fluorescent RE ions, and

such phenomenon often occurs at very low ion concentrations

(below 1mol %) in bulk materials.[21] While recent literatures

have demonstrated that in some NPs, fluorescent RE ions have

unusual thresholds (even near 50mol %) for the concentration

effect.[22–24] This provides new possibility for improving

fluorescent RE materials, however, it is still unclear whether

there exists some RE NPs which are free from the

concentration quenching effect.

In this work, we developed NdF3/SiO2 core/shell NPs, which

demonstrated highly efficient fluorescence in vivo due to the

successful suppressions of these two energy-loss effects as well

as satisfying the above-mentioned spectral requirements.

Fluoride was chosen because such material has adequate

thermal and environmental stability,[25] and large solubility for

RE ions without deleterious effects.[26] Particularly, the high

ionicity of the RE–fluorine bond leads to a wide bandgap and

very low phonon energies. These are especially important for

the RE ions emitting in the NIR region.[12,27]

The uniform NdF3 NPs were synthesized by using a facile

route in aqueous solution without any surfactants. Similar

method has been used to synthesize traditional Nd3þ doped

LaF3 NPs while changing NdCl3 to LnCl3 (Ln¼La, Nd).[14]

The transmission electron microscopy (TEM) image in

Figure 1a shows that the prepared NdF3 NPs are of nearly

spherical shape and have an average diameter of about 30 nm.

The thin silica shells were coated over the NdF3 cores by using

the modified Stöber method,[28] and their average thickness is

about 4 nm (Fig. 1b). The high-resolution transmission electron

microscopy (HRTEM) image (Fig. 1c) and the selected area

electron diffraction (SAED) pattern (Fig. 1d) exhibit the

hexagonal reciprocal lattice of (237) zone axis of NdF3

mono-crystalline, and one can readily index the x-ray

diffraction (XRD) pattern (Fig. 1e) to the hexagonal phase

of NdF3 with lattice constants a¼ 0.7030 nm and c¼ 0.7199 nm

(JCPDS No. 9–416).
H & Co. KGaA, Weinheim 1
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Figure 1. a) and b) TEM images of NdF3 and NdF3/SiO2 NPs. c) and
d) HRTEM image and SAED pattern of one particle selected from a.
(e) XRD pattern of NdF3 NPs. The line spectrum corresponds to the
literature data of bulk NdF3 (JCPDS No. 9-416 reference pattern).
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Figure 2. a) FTIR spectra of NdF3 and NdF3/SiO2 NPs. b) Absorption
spectra of NdF3 and NdF3/SiO2 NPs in aqueous solution.
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Fourier transform infrared (FTIR) was used to investigate

the organic residua in the NdF3 and NdF3/SiO2 powders. As

the NPs are prepared in water, their surface may be covered by

a large number of O–H groups either chemically bonded or

physically adsorbed to the surface, as confirmed by the FTIR

spectra in Figure 2a. The absorption bands at around 3430 and

1635 cm�1 are attributed to O–H stretching and bending

vibrations, respectively. In regard to the NdF3/SiO2 core/shell

NPs, aside from the presence of the characteristic absorption

bands of NdF3, the absorption bands at around 1083 and

799 cm�1 are attributed to Si–O–Si asymmetrical and sym-

metric stretching vibrations, respectively.

The absorption spectra in Figure 2b clearly show the

characteristic Nd3þ absorption peaks at around 732, 788, and
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
858 nm in the NIR region.[29] These three absorption bands

correspond to the 4S3/2/
4F7/2,

2H9/2/
4F5/2, and

4F3/2 multiplets of

Nd3þ, respectively.[22]

Figure 3a gives the excitation spectra (lem¼ 1056 nm) of the

NdF3 and 5% Nd3þ doped LaF3 NPs synthesized under the

same procedure. Their excitation peaks at around 730, 800, and

870 nm correspond to the above-mentioned absorption bands.

As compared to the traditional 5% Nd3þ doped LaF3 NPs, the

most efficient excitation peak of the uniform NdF3 NPs blue-

shifts from around 800 to 730 nm. In practical bio-applications,

tissue autofluorescence and excitation-scattered light are great

obstacles, increasing background noise. So the NdF3 NPs,

providing a frequency separation as large as 4229 cm�1, have

the potential to increase the S/N ratio in tissue studies.

On the other hand, the emission spectrum (lex¼ 730 nm)

of the NdF3 NPs (Fig. 3b) shows typical emissions at

around 868 and 1056 nm corresponding to the 4F3/2! 4I9/2
and 4F3/2! 4I11/2 transitions of Nd3þ, respectively. Considering

both the most efficient excitation (730 nm) and emission

(1056 nm) peaks are all within the NIR window, the NdF3 NPs

can provide both deeper penetration of photons from the

excitation and greater escape depths for the emission in

biological samples.

The spectra in Figure 3b also show that the fluorescence

intensity at 1056 nm of the uniformNdF3 NPs is about 5.1 times

that of the 5%Nd3þ doped LaF3 NPs. Further, while increasing
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 1–6
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Figure 3. a) and b) Excitation (a, lem¼ 1056nm) and emission (b,
lex¼ 730 nm) spectra of NdF3 and 5% Nd3þ doped LaF3 NPs in aqueous
solution. (c) Fluorescence intensity at 1056 nm (lex¼ 730 nm) versus mole
percent (x %) of Nd3þ in Nd3þ doped LaF3 NPs. The molar concentration
of the RE ions (including La3þ and Nd3þ) in all the above samples is
5.0mM.
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Figure 4. Emission spectra (lex¼ 730 nm) of NdF3 and NdF3/SiO2 NPs in
aqueous solution (1.0mgmL�1). It should be noted that we can obtain
105mg NdF3/SiO2 NPs from 100mg NdF3 NPs.
the molar percent (x %) of Nd3þ in the Nd3þ doped LaF3

NPs, the fluorescence at 1056 nm increases remarkably and

reaches the maximum when x %¼ 100% (Fig. 3c). The results

imply that the concentration quenching effect does not occur in

the nanosized Nd3þ doped fluorides. Such no concentration

quenching phenomenon has been predicted by Zhang et al. and

Wei et al.,[30,31] and similar uniform fluorescent RE NPs, such

as EuF3,
[32] CeF3,

[33] NdVO4,
[34] and Nd2O3,

[35] have begun to

attract much attention very recently. In RE materials,

quenching originates in a very efficient energy transfer among

the RE ions. Due to the match of their energy levels, the
Adv. Mater. 2008, 20, 1–6 � 2008 WILEY-VCH Verlag G
eventual energy transfers from the RE ions to a defect where

non-radiative decay occurs.[36] In nanomaterials, such non-

radiative energy transfer only occurs within one particle due to

the hindrance of the particle boundary,[22,24] so quenching

often occurs at much higher ion concentration compared with

that in their bulk counterparts. Further, if the defect

concentration is low enough in the nanomaterial, due to the

physical volumetric constrains of the nanomaterial (10�7

smaller than the bulk),[36] there is a reasonable probability that

in some particles RE ions in the ‘ion chain’ will have no

neighbor defect, thus only radiative decay occurs. Conse-

quently, those NPs quench at only high ion concentration or do

not quench at all.[30,31] Although the mechanism of such

phenomenon still needs more detailed investigations (the

discussion about the emission quantum efficiency is shown in

the Supporting Information), the results here provide new

possibilities for improving fluorescent RE materials.

Moreover, to suppress the vibrational quenching caused by

the O–H groups on the surfaces of the NdF3 NPs, silica shells

were coated and the core/shell structures were annealed at

300 8C for 3 h to obtain NdF3/SiO2 NPs. The O–H groups are

reduced by the annealing process, and then the Nd3þ ions

inside are protected by the annealed silica shells in aqueous

solution. The spectra in Figure 4 show that the fluorescence

intensity of the NdF3/SiO2 NPs is about 1.6 times that of the

bare NdF3 NPs at the same mass concentration in aqueous

solution. Similar beneficial influences of passivating inorganic

shells[16–18] and thermal treatment[37–39] have been demon-

strated in recent literatures. It should be noted that the

annealed bare NdF3 NPs are not water-soluble. Moreover,

since the surface chemistry of silica particles is well

documented and silica is known to have benign effects in

biological systems,[40] the use of a silica coating over RE

materials is an attractive alternative for bio-applications. As

such, we employed the NdF3/SiO2 NPs as probes for the

following biological investigations.

For deep tissue imaging, one mouse was injected intramus-

cularly and intraperitoneally with 100mL of NdF3/SiO2 NPs
mbH & Co. KGaA, Weinheim www.advmat.de 3
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Figure 5. Deep tissue imaging at the thigh and abdominal cavity in one
nude mouse, after injected intramuscularly and intraperitoneally with
100mL of NdF3/SiO2 NPs (1.0mgmL�1), respectively. Left, Autofluores-
cence images pre-injection. Right, Fluorescence images post-injection. The
injection depths of the thigh and abdominal cavity were about 0.3 and 1 cm,
respectively.
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Figure 6. a) Fluorescence spectra from one earlobe vessel of a nude
mouse before and after injected with 200mL of NdF3/SiO2 NPs
(5.0mgmL�1) into the tail vein. b) Fluorescence monitoring from the
earlobe vessel during the first 30min post-injection; inset shows the
photostability of NdF3/SiO2 NPs in the mouse whole blood (1.0mgmL�1)
in intro under a 100mW 730nm CW laser excitation.
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(1.0mgmL�1) into the thigh and abdominal cavity, respec-

tively. During in vivo experiments, NIR-excitation was with a

730 nm CW laser (100mW output power) and the field of view

for imaging and detection was 1 cm in diameter. A band-pass

filter (1050/10 nm) was used for spectral imaging and the

images had identical exposure time (1min) and normalization.

The images in Figure 5 show that the particle signals from the

deep tissues of the thigh and abdominal cavity are both clearly

distinguished from the tissue autofluorescence. Under local

injection, the abdominal cavity is the deepest area (about 1 cm

to the skin surface) that one can choose in a living mouse. So

the results here indicate that the NdF3/SiO2 NPs are efficient

enough for deep tissue detection in small animals.We note that

the quantity here (100mL at 1.0mgmL�1) is much less than the

amount of up-converted NaYF4:Yb,Er NPs (100mL at

4.4mgmL�1) used in a recent work involving a similar mouse

model.[41]

Another mouse was injected with 200mL of NdF3/SiO2 NPs

(5.0mgmL�1) into the tail vein. During the first 30min

post-injection, the emission from one earlobe vessel was

recorded repeatedly every 10 s and the exposure time for each

spectrum was 100ms. The typical spectra in Figure 6a show

both the clear particle signal and the faint background noise

from the tissue autofluorescence. The very high S/N ratio at

1056 nm (over 15 at least) was attributed to the highly efficient

fluorescence from the NdF3/SiO2 NPs and large frequency

separation to the excitation at 730 nm. Further, considering the

exposure time for each spectrum was very short, the variation

of the particle signal was sensitive enough to indicate the

particle flow in body fluids (shown in Fig. 6b). The spectrum in

the inset of Figure 6b indicates that NdF3/SiO2 NPs

demonstrate excellent photostability in mouse whole blood

in vitro. In contrast, the particle fluorescence from the earlobe

vessel changed continuously during the monitoring period,

indicating the NPs did not aggregate or obstruct in body fluids.

The fluorescent variation show that the signal intensity
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
fluctuated within the first 9min post-injection due to the

inhomogeneous particle flow during the initial systemic

circulation, and the following weakened signal intensity was

caused by the non-specific particle uptake by the organs. These

data suggest that such material can find use in pharmacoki-

netics studies while coupling with some plasma drugs. After in

vivo experiments, no toxicity or other physiological complica-

tions were observed for the animals after at least 24 h of

particle injection (the detailed toxicity test is shown in the

Supporting Information).

In conclusion, we open the door to using NIR RE NPs as

probes for in tissue studies. The developed material is

attractive due to its unique excitation and emission spectral

characteristics, excellent photostability, low toxicity and highly

efficient fluorescence in living tissues. To the best of our

knowledge, this represents the first report of in vivo NIR

detection by using RE NPs.
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 1–6
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Experimental

Synthesis of NdF3 Nanoparticles: All chemicals were purchased
from Sigma–Aldrich and used without further purification. A sodium
fluoride (NaF) solution (10mL, 0.2 M) was added dropwise into a
neodymium chloride hexahydrate (NdCl3 � 6H2O) solution (40mL,
0.04M) and the mixture was subsequently heated to 75 8C for 2 h under
stirring. The resulting suspension was centrifuged (10min, 10 000 g)
and washed with distilled water 3 times. The precipitates were then
dried under vacuum, and a lavender powder of NdF3 was obtained.

Synthesis of NdF3/SiO2 Nanoparticles: 100mg of NdF3 NPs
dissolved in distilled water (5.1mL) were added to an ethanol
(14.0mL) and NH4OH (0.3mL) mixture. Immediately, 0.1mL
tetraethylorthosilicate (TEOS) was added dropwise and the mixture
was stirred for 60min. The resulting suspension was centrifuged
(10min, 10 000 g) and washed with ethanol 3 times. The precipitates
were dried and annealed at 300 8C for 3 h in air. At last, 105mg of NdF3/
SiO2 NPs were obtained.

Characterization: The TEM and HRTEM images were measured
with a JEOL 2010 HT and JEOL 2010 FET transmission electron
microscope (operated at 200 kV), respectively. XRD analyses were
performed on a Bruker D8-advance X-ray diffractometer with Cu ka
irradiation (l¼ 1.5406 Å). The absorption spectra weremeasured using
a Varian Cary 5000UV/vis/NIR spectrophotometer. FTIR spectra
were recorded on an AVATAR-360 spectrometer. A small amount of
powder samples were mixed with KBr and then pressed to make a thin
pellet for FTIR studies.

Optical Measurements: The excitation source for the fluorescence
spectra and images was a Ti: Sapphire CW laser (Mira 900, Coherent)
with tunable wavelength in the range 700–1000 nm. A long-wavelength
pass filter and a tunable neutral density filter were used to filter the
short wavelength noise from the laser and adjust the intensity of the
excitation, respectively. The fluorescence spectra were recorded by a
spectrometer (Spectrapro 2500i, Acton) with liquid nitrogen cooled
CCD (SPEC-10: 100B, Princeton) and corrected with the spectroscopy
quantum efficiency curves.

In vivo Studies: Using protocols approved by the Institutional
Animal Care and Use Committee of Wuhan University, 6-week-old
nude mice were placed under anesthesia by injection of 3% Nembutal
at a dosage of 45mgkg�1 for in vivo studies. The NdF3/SiO2 NPs were
sterile-filtered and stored in PBS solution (pH 7.4). For deep tissue
imaging, one mouse was injected intramuscularly and intraperitoneally
with 100mL of NdF3/SiO2 NPs (1.0mgmL�1) into the thigh and
abdominal cavity, respectively. Another mouse was injected with
200mL of NdF3/SiO2 NPs (5.0mgmL�1) into the tail vein for
monitoring the particle fluorescence from one earlobe vessel within
the first 30min post-injection. NIR-excitation was with a 730nm CW
laser (100mW output power) and the field of view for imaging and
detection was 1 cm in diameter. The above-mentioned CCD and a
band-pass emission filter 1050/10 nm (center wavelength¼ 1050 nm,
half width¼ 10 nm, Andover corporation) were used for spectral
imaging. Two collected filters (both the focus lengths of the lens are
100mm) were used before the CCD to obtain 3 times reduced
fluorescence images. The exposure time for each image was 1min and
the collected images were analyzed by the WinSpec/32 software.
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[32] N. O. Nuñez, M. Ocaña, Nanotechnology 2007, 18, 455606.

[33] L. Zhu, Q. Li, X. Liu, J. Li, Y. Zhang, J. Meng, X. Cao, J. Phys. Chem.

C. 2007, 111, 5898.
[34] H. Deng, S. Yang, S. Xiao, H. Gong, Q.Wang, J. Am. Chem. Soc. 2008,

130, 2032.

[35] R. B. Yu, K. H. Yu,W.Wei, X. X. Xu, X. M. Qiu, S. Liu, W. Huang, G.

Tang, H. Ford, B. Peng, Adv. Mater. 2007, 19, 838.

[36] R. E. Muenchausen, L. G. Jacobsohna, B. L. Bennetta, E. A.

McKigneya, J. F. Smitha, J. A. Valdeza, D. W. Cookea, J. Lumin.

2007, 126, 838.

[37] V. Sudarsan, S. Sivakumar, F. C. J. M. van Veggel, Chem. Mater. 2005,

17, 4736.
mbH & Co. KGaA, Weinheim www.advmat.de 5



C
O
M

M
U
N
IC

A
T
IO

N

6

[38] G. Yi, H. Lu, S. Zhao, Y. Ge, W. Yang, D. Chen, L. Guo, Nano Lett.

2004, 4, 2191.

[39] Y. S. Lin, Y. Hung, H. Y. Lin, Y. H. Tseng, Y. F. Chen, C. Y. Mou,

Adv. Mater. 2007, 19, 577.
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
[40] H. Ow, D. R. Larson, M. Srivastava, B. A. Baird, W. W. Webb, U.

Wiesner, Nano Lett. 2005, 5, 113.

[41] D. K. Chatterjeea, A. J. Rufaihaha, Y. Zhang, Biomaterials 2008, 29,

937.
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 1–6


