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Neodymium (Nd3þ) doped nanomaterials exhibited the unique near infrared (NIR) luminescence

properties. However, the application of Nd-doped nanomaterials to chemosensors was rarely explored.

Herein, the water-soluble 2-aminoethyl dihydrogen phosphate stabilized Nd-doped LaF3 (ADP-Nd-

LaF3) nanoparticles were explored as the NIR probe for chemosensors. The NIR emission intensity at

1061 nm of ADP-Nd-LaF3 nanoparticles kept stable in the aqueous solution of various pH and coexisting

of most common metal ions except copper ion, consequently, the ADP-Nd-LaF3 nanoparticles were

developed as a high selective NIR probe for Cu(II). The NIR emission of ADP-Nd-LaF3 exhibits a linear

quenching response to Cu(II) in the range 5–100 mM, with a detection limit of 0.8 mM. The precision of

eleven replicate detections of 5 mM Cu(II) was 0.5% (RSD). The recovery of spiked Cu(II) in human urine

and waste water samples ranged from 102 to 109%. The possible mechanism of Cu(II)-induced

fluorescence quenching of ADP-Nd-LaF3 nanoparticles was also discussed.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the lanthanide-doped nanomaterials are gaining popu-
larity due to the unique luminescence properties such as superior
photostability, large Stoke’s shift and long luminescence lifetime
[1–5]. Among the numerous lanthanide-doped nanomaterials, neo-
dymium ion (Nd3þ) doped nanomaterials have found wide applica-
tions in optical cell windows, optical telecommunication windows,
and solid-state lasers for their near-infrared (NIR) emission [6–8].
However, to the best of our knowledge, the applications of Nd-
doped nanomaterials to the chemo- or biochemo-sensors are
seldom reported, although the NIR probes have the merits of the
highest tissue-penetrability and the lowest interference from the
endogenous fluorescence background [9,10]. The reason behind this
is that the emissions of lanthanides are a little sensitive to the
chemical environment since their luminescence arises from the
well-shielded inner-shell 4f–4f transitions [4,11,12].

Herein, we chose the water-soluble 2-aminoethyl dihydrogen
phosphate (ADP) stabilized Nd-doped LaF3 (ADP-Nd-LaF3) nano-
particles as the NIR probe to explore the feasibility of the
applications of lanthanides-doped nanoparticles to chemosensors.
LaF3 was utilized as the host matrixes owing to the superior
optical transparency in the 200–1100 nm region and low vibra-
tion energies [7]. ADP was used as the stabilizer to ensure the
ll rights reserved.
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water-solubility of Nd-doped LaF3 nanoparticles. Metal ions are
chosen as the analytes, since the diverse metal ions are always of
great significance [13] and usually have been used as the first
examples to explore the applications of the new materials to the
field of chemosensors [14–17].

Numerous luminescent materials, such as metal-organic frame-
works [16], the specific dyes [17], functionalized quantum dots (QDs)
[18–22] and gold nanomaterials [23–25], have been widely investi-
gated for optosensing of the target metal ions. Usually the heavy
metal ions such as Cu(II), Cd(II), Hg(II), Pb(II), Co(II), Mn(II), Zn(II),
Fe(III), Ni(II), Cr(III), and Ag(I) exhibit diverse effects on the lumines-
cence of QDs [22], resulting in significant interference of the QDs-
based probes. However, in the case of ADP-Nd-LaF3-based NIR probe,
most metal ions show little effect on the emission intensity due to the
stable luminescence nature against the chemical environment. Con-
sequently, ADP-Nd-LaF3 nanoparticles have great potential to be the
promising high selective probe for chemo-sensing.

Among the most common ions, only copper ion exhibited
obvious quenching effect on the NIR emission of ADP-Nd-LaF3

nanoparticles. So, ADP-Nd-LaF3 nanoparticles were explored as
the potential high selective NIR probe of Cu(II). In fact, optosen-
sing of copper ion has attracted wide interests in recent years, as
Cu(II) is an essential trace element in biological systems as well as
an important environment pollutant [22–25]. In this paper, the
stability of ADP-Nd-LaF3 nanoparticles in different chemical
environment was systematically studied, and the possible
mechanism of Cu(II)-induced fluorescence quenching of ADP-
Nd-LaF3 was also discussed.
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2. Experimental section

2.1. Chemicals

All chemicals used were at least of analytical grade. Ultrapure
water (18.2 MO cm) was obtained from a Pro water purification
system (Labconco Corporation, Kansas City, MO). 2-Aminoethyl
dihydrogen phosphate from Sigma-Aldrich was used without
further purification. Neodymium nitrate (Nd(NO3)3 �6H2O),
tris(hydroxymethyl)aminomethane (Tris), lanthanum nitrate
(La(NO3)3 �6H2O), ammonium fluoride (NH4F) and copper nitrate
(Cu(NO3)2 �3H2O) were from Guangfu Fine Chemical Research
Institute (Tianjin, China). 4-(2-hydroxyethyl)-1-piperazinee tha-
nesulfonic acid (HEPES) was purchased from Shengong Genetech
Co. Ltd (Shanghai, China).
2.2. Instruments

All the steady-state fluorescence and the decay curves were
measured on PTI QM/TM/NIR system (Birmingham, NJ), which
was equipped a 75W xenon arc lamp and N2/dyes laser. The
absorption spectra were recorded on a UV-3600 UV–vis-NIR
spectrophotometer (Shimadzu, Japan). The Fourier transform
infrared (FT-IR) spectra (4000-400 cm�1) were recorded on a
Magna-560 spectrometer (Nicolet, Madison, WI). High resolution
transmission electron microscopic (HR-TEM) images were taken
on a Tecnai G2 F20 (Philips, Holland) at 200 kV. The samples for
TEM were obtained by drying sample droplets from water
dispersion onto a 300-mesh Cu grid coated with a lacey carbon
film. The X-ray diffraction (XRD) pattern was recorded with a
D/max-2500 diffractometer (Rigaku, Japan) with Cu Ka radiation.
2.3. Synthesis of ADP-Nd-LaF3 nanoparticles

ADP-Nd-LaF3 nanoparticles were synthesized according to the
literature methods [26–28]. Briefly, in a round flask, the solution
of 0.111 g (3.00 mmol) NH4F and 0.144 g (1.02 mmol) ADP in
25 mL of ultrapure water was stirred and heated to 75 1C. Then
a solution of Nd(NO3)3 �6H2O (0.280 g, 0.06 mmol) and
La(NO3)3 �6H2O (0.546 g, 1.26 mmol) dissolved together in 2 mL
of water was added dropwise, and the resultant mixture was
continuously stirred at 75 1C for 3 h. Finally, the mixture was
evaporated to about 4 mL and then the ADP-Nd-LaF3 nanoparti-
cles were precipitated by the addition of 15 mL acetone and
centrifugation. The precipitate was further washed by acetone for
three times and dried under vacuum.
Fig. 1. Emission intensity at (a) 890 nm and (b) 1061 nm of 1 g L�1 ADP-Nd-LaF3 nanop

high sensitivity TE-cooled InGaAs detector with both the slits of emission and excitatio

was buffered by 10 mM Tris–HCl solution.
2.4. Samples

Human urine samples were collected from the healthy adult
volunteers. All the urine samples were centrifuged at 10,000 rpm
for 5 min and the supernatants were used for analysis. The waste
water samples were collected from local factories and were
filtered by 0.45 mm membrane before analysis.

2.5. Fluorescence measurements

The steady-state fluorescence from 800–1400 nm was
recorded by high sensitivity TE-cooled InGaAs detector, electro-
nics, lock-in amplifier and chopper built into the lamp housing for
noise suppression. The decay curves of fluorescent emission at
1061 nm were recorded with the excitation of 575 nm by exciting
the solution of R-590 pumped by a N2 laser. The lifetime analyses
were calculated using the FeliX32 advanced fluorescence soft-
ware, and were fitted so as to obtain w2 values from 0.8 to 1.2. For
copper ion determination, the fluorescence was collected in the
range of 960–1160 nm upon the excitation of 575 nm with the
NIR Hamamastu PMT at voltage �850 V and both the slits of
excitation and emission at 24 nm unless special statement. In a
4 mL quartz cell (1 cm�1 cm), 1 mL of ADP-Nd-LaF3 nanoparti-
cles (2 g L�1), 1 mL of buffer solution (20 mM) and 20 mL of Cu(II)
standard solution or sample solution were mixed thoroughly to
get 2 mL solution. The solution was gently shaken before fluor-
escence measurement.
3. Result and discussion

3.1. Characterization of ADP-Nd-LaF3 nanoparticles

The prepared ADP-Nd-LaF3 nanoparticles were characterized
by HR-TEM (Fig. S1a and b), XRD (Fig. S1c) and FT-IR (Fig. S1d).
The HR-TEM images suggested that the prepared Nd-doped LaF3

nanoparticles were well dispersed with slight random agglom-
erations (Fig. S1a). The clear lattice fringes shown in Fig. 1b
displayed that the particle sizes were in the range 3–10 nm. The
XRD pattern of ADP-Nd-LaF3 (Fig. S1c) agreed with the data of
pure hexagonal LaF3 crystals [29,30], demonstrating the hexago-
nal structure of the prepared ADP-Nd-LaF3. ADP was used as the
ligand to control the growth of the nanoparticles and to stabilize
the water soluble nanoparticles. To demonstrate the existence of
ADP on the surface of nanoparticles, the FT-IR spectra of pure ADP
and ADP-Nd-LaF3 nanoparticles were compared in Fig. S1d. The
main vibration bands of ADP such as 2906, 1163, 1085, 1032,
942 and 766 cm�1 were also observed in the FT-IR spectrum of
articles in different pH buffer solution during different time. Data were recorded by

n at 24 nm. pH 3.0–5.0 was buffered by 10 mM acetate solution and pH 6.0–10.0
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ADP-Nd-LaF3 nanoparticles. The absorption band at 1636 cm�1

was assigned to O–H vibration due to the chemically bonded or
physically absorbed water onto the surface of the nanoparticles.

3.2. Fluorescence spectra and stability of ADP-Nd-LaF3 nanoparticles

The emission peaks (Fig. S2a) of ADP-Nd-LaF3 nanoparticles at
890, 1061, and 1260 nm agree well with the typical Nd3þ

transitions of 4F3/2-
4I9/2, 4F3/2-

4I11/2 and 4F3/2-
4I13/2, respec-

tively. The characteristic emission of 1061 nm can be excited by
several bands such as 350, 514, 575, 735 and 792 nm, with the
highest excitation efficiency at 575 nm (Fig. S2b).

The prepared ADP-Nd-LaF3 nanoparticles display good stabi-
lity as elucidated by the little variation of the fluorescence
intensity against the pH of the aqueous solution of ADP-Nd-LaF3

during different time (Fig. 1). The emission at 1061 nm was nearly
independent of the pH, and the fluorescence intensity at each pH
remained stable for 20 days (Fig. 1b). The emission intensity at
890 nm, however, exhibited larger variations against pH during
different time (Fig. 1a). We chose the 1061 emission for the
subsequent investigations. The emission of Nd3þ came from the
transitions inside the 4f4 shell, which was well shielded from the
chemical environment by the closed 5s2 and 5p6 shells, thus the
external environment (such as pH) can only perturb the electronic
configurations to a limited extent, resulting in the good stability
of ADP-Nd-LaF3 nanoparticles in different pH environment.
Fig. 2. Quenching percent of 1 g L�1 ADP-Nd-LaF3 nanoparticles by 50 mM Cu(II),

10 mM K(I), Na(I), Ca(II), Mg(II), Cd(II), 1 mM Co(II), Mn(II) and 500 mM Zn(II),

Al(III), Fe(III), Ni(II), Cr(III), Hg(II), Ag(I), Pb(II) buffered by 10 mM HEPES solution

(pH 7.4). All emission intensity was monitored at 1061 nm upon the excitation of

575 nm with the NIR Hamamastu PMT at voltage �850 V and both the slits of

emission and excitation at 24 nm.

Fig. 3. (a) pH-dependent quenching efficiency of 50 mM Cu(II) to the emission intensity

(b) the time frame of the interaction of Cu(II) and 1 g L�1 ADP-Nd-LaF3 nanoparticles
In addition, the ADP-Nd-LaF3 nanoparticles also display good
stability against different metal ions except copper ion (Fig. 2).
The emission intensity at 1061 nm of ADP-Nd-LaF3 shows less
than 2% variations upon the addition of 10 mM of K(I), Na(I),
Ca(II), Mg(II), Cd(II), 1 mM of Co(II), Mn(II) and 500 mM of Zn(II),
Al(III), Fe(III), Ni(II), Cr(III), Hg(II), Ag(I) and Pb(II). However, the
addition of 50 mM of Cu(II) causes about 25% quenching of
emission intensity at 1061 nm. So, further investigations focused
on exploring of ADP-Nd-LaF3 nanoparticles as the NIR probes for
Cu(II) and the possible reasons for the large quenching effect of
Cu(II) on the NIR emission of ADP-Nd-LaF3 nanoparticles.
3.3. Detection of Cu(II) by ADP-Nd-LaF3 NIR probe

Although the emission intensity at 1061 nm of ADP-Nd-LaF3

nanoparticles was independent on the variations of pH (Fig. 1b),
the interaction between the copper ion and ADP-Nd-LaF3 nano-
particles was pH dependent (Fig. 3a). The highest quenching
efficiency of the two buffer systems involved, i.e., HEPES and
Tris–HCl, were both observed at pH 7.4. The quenching efficiency
in HEPES buffer was all higher than that in Tris–HCl buffer, and
there was a platform from pH 7.0 to 7.4 when HEPES was used to
buffer the system. The reasons behind the above-mentioned facts
were that the existing state of Cu(II) and the charge state of ADP
attached on the surface of ADP-Nd-LaF3 nanoparticles were all
related with pH value and the kind of buffer. Higher pH led to the
precipitation of copper ion, and thus the lower quenching
efficiency; however, lower pH resulted in the protonation of the
amino group of ADP, and thus the weaker binding of Cu(II) to the
amino group of ADP, and finally cause the lower quenching
efficiency. As the kind of buffer was concerned, the amino groups
of Tris competed with amino groups of ADP attached on the
surface of ADP-Nd-LaF3 to bind with Cu(II), resulting in the lower
quenching efficiency in Tris–HCl buffer. Consequently, the HEPES
buffer at pH 7.4 was chosen as the media in most part of
this paper.

The interaction of ADP-Nd-LaF3 nanoparticles and copper ions
was very rapid and the quenched signal was also very
stable (Fig. 3b). The fluorescence quenching of ADP-Nd-LaF3 by
copper ion reached the maximum efficiency within 1 min, and
kept stable in the subsequent 26 min.

To demonstrate the feasibility of ADP-Nd-LaF3 NIR probe for
the detection of copper ion, the fluorescence spectra of 1 g L�1

ADP-Nd-LaF3 nanoparticles in the absence and presence of copper
ion were recorded in 10 mM HEPES (pH 7.4) buffer (Fig. 4a). The
gradually reduced emission intensity at 1061 nm was observed
upon the increase of concentration of copper ion (Ccu). In the
range 5–100 mM, the linear relationship of the quenched effi-
ciency (DI/I0 at 1061 nm against the Ccu was observed with the
at 1061 nm of 1 g L�1 ADP-Nd-LaF3 in 10 mM HEPES or Tris–HCl buffer solutions;

in 10 mM HEPES buffer (pH 7.4). Conditions were as Fig. 2.



Fig. 4. Fluorescence response of 1 g L�1 ADP-Nd-LaF3 to copper ion in 10 mM HEPES buffer (pH 7.4): (a) the fluorescence spectra; (b) the linear plot of quenching percent

at 1061 nm against the concentration of copper ion. Conditions were as Fig. 2.
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calibration function DI/I0¼0.00389CCuþ0.02398 (where CCu is in
mM) and a correlation coefficient of 0.9939 (Fig. 4b). The precision
of eleven replicate detections of 5 mM Cu(II) was 0.5% (relative
standard deviation, RSD). The detection limit (DL) calculated as
the Ccu which produced a quenched efficiency three times the
standard deviation of the blank signal, was 0.8 mM.

To further evaluate the selectivity of ADP-Nd-LaF3-based NIR
probe for Cu(II) detection, the interference of co-existing ions are
examined (Fig. S3). The quenching efficiency of 50 mM Cu(II) was
not unaffected by 10 mM of K(I), Na(I), Ca(II) and Mg(II), 1 mM of
Cd(II), Mn(II), Co(II), Ni(II), Ag(I), Zn(II) and Al(III). The tolerance of
Fe(III), Cr(III), Hg(II) and Pb(II) was 200 mM.

To find the potential application of the developed method, ADP-
Nd-LaF3 NIR probe was employed for the detection of Cu(II) in
human urine and waste water samples. As the content of Cu(II) in
these samples was below the DL of the developed method, a spike-
recovery test was performed. As shown in Table S2, the recovery of
spiked Cu(II) in these samples ranged from 102 to 109%.

3.4. Possible mechanism of Cu(II)-induced fluorescence quenching of

ADP-Nd-LaF3

To explore the possible mechanism of Cu(II)-induced fluores-
cence quenching of ADP-Nd-LaF3, three experiments were
explored including the spectral overlap, fluorescence restoration,
and life time measurements.

Fig. S4a and b show the spectral overlap between the absorp-
tion spectra of the metal ions and the emission spectrum of ADP-
Nd-LaF3 nanoparticles. Cu(II) has wide absorbance in the range
500–1200 nm (with the maximum at 710 nm), and exhibits large
red-shift to 575–1200 nm (with the maximum at 810 nm) upon
the addition of ADP, suggesting the charge transfer of Cu (II) to
ADP (Fig. S4a). Note that ADP has the terminal amino group,
which acts as the binding site of Cu(II) to ADP-Nd-LaF3 [31].
Furthermore, the broad spectral overlap between the emission
spectrum of ADP-Nd-LaF3 and the absorption spectrum of Cu(II)/
Cu(II)–ADP complex was observed (Fig. S4a). While other ions
used in this paper did not display obvious absorbance at 600–
1200 nm in the absence and presence of ADP (Fig. S4b). So, the
most possible reason of Cu(II)-induced fluorescence quenching of
ADP-Nd-LaF3 was the charge transfer and fluorescence resonance
energy transfer (FRET) between the Cu(II) and ADP-Nd-LaF3

through the binding of Cu(II) to the amino group of ADP attached
on the surface of ADP-Nd-LaF3 nanoparticles and the spectral
overlap between the absorption spectrum of Cu(II)/Cu(II)–ADP
complex and the emission spectrum of ADP-Nd-LaF3.

The charge transfer and FRET between Cu(II) and ADP-Nd-LaF3

was also proven by the pH-dependent quenching efficiency in
Fig. 3a. In lower pH, the amino groups were protonated, and the
binding of Cu (II) to the protonated ADP would definitely
weakened, thus leading to the weaker charge transfer or the
increased distance between Cu (II) and ADP-Nd-LaF3, and finally
resulting in the lower quenching efficiency in lower pH environ-
ment. Such properties make ADP-Nd-LaF3-Cu system have great
potential for indicating the growth of cancer as the decreased pH
from 7.4 to 6.0 are always associated with cancers [32].

Although the wide absorbance of Cu(II) and Cu(II)–ADP complex
was also in the range of the excitation spectrum of ADP-Nd-LaF3

(Fig. S4c), the contribution of the inner-filter effect to the Cu(II)-
induced fluorescence quenching of ADP-Nd-LaF3 was not reason-
able. As elucidate by the quenching efficiency measured at different
excitation wavelengths in Fig. S4d, the highest quenching efficiency
was achieved at the excitation of 575 nm, however, the absorbance
of Cu(II)/Cu(II)–ADP at 575 nm was much lower than that at 735
and 792 nm. Moreover, the absorbance of Fe(III) at 575 nm was
higher than that of Cu(II) (Fig. S4b), while the quenching efficiency
of Fe(III) was much lower than that of Cu(II) (Fig. 2).

The Cu(II)-induced fluorescence quenching of ADP-Nd-LaF3

was the dynamic quenching process, as the relationship of I0/I

and the concentration of Cu(II) (CCu) agreed well with the Stern–
Volmer equation (Fig. S5a). The linear function of I0/I and CCu was
I0/I¼0.00667 CCuþ1 (I0 and I refer to fluorescence intensity in the
absence and the presence of certain CCu in mM) with R2

¼0.9998
and KSV¼6670 M�1. Furthermore, the fluorescence lifetime of
ADP-Nd-LaF3 exhibited obvious decrease in the presence of Cu(II)
(Fig. S5b and Table S2).
4. Conclusions

We have evaluated the stability of ADP-Nd-LaF3 nanoparticles in
various environments including various pH and coexisting of the
most common metal ions. Among those metal ions, only Cu(II)
exhibited fluorescence quenching to the NIR emission of ADP-Nd-
LaF3 nanoparticles. The possible mechanism for Cu(II)-induced
dynamic fluorescence quenching of ADP-Nd-LaF3 was the charge
transfer and FRET between Cu(II) and ADP-Nd-LaF3 nanoparticles.
Although the DL of the ADP-Nd-LaF3-based NIR probe for Cu(II)
detection still need to be improved, the data presented in this paper
will be helpful for further understanding of the luminescent property
of rare-earth nanoparticles and will put forward the application of the
rare-earth nanoparticles to the high sensitive and selective sensors.
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