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Neodymium based fluorescence presents several advantages in comparison to conventional rare earth or
enzyme-substrate based fluorescence emitting sources (e.g.Tb, HRP) . Based on this fact we have herein
explored a Nd-based fluoroimmunoassay. We efficiently detected the presence of an oxidized low-
density lipoprotein (oxLDL) in human plasma a well-known marker for cardiovascular diseases, which
causes around 30% of deaths worldwide. Conventional fluoroimmunoassay uses time-resolved lumines-
cence techniques, with detection in the visible range, to eliminate the fluorescence background from the
biological specimens. By using an immunoassay based on functionalized Y,05:Nd>* nanoparticles, where
the excitation and emission processes in the Nd>* ion occur in the near-infrared (NIR) region, we have
succeeded in eliminating the interferences from the biological fluorescence background, avoiding the use
of time-resolved techniques. This yields higher emission intensity from the Nd>*-nanolabels and efficient
detection of anti-oxidized low-density lipoproteins (anti-oxLDL) by Y,0s3:Nd3*-antibody-antigen
conjugation, leading to a novel biolabeling method.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Atherosclerosis [1], the major mechanism behind cardiovascu-
lar disease, is the major cause of death in urban areas. Oxidative
processes and dysplipidemias play a pivotal role in the evolution of
the disease [2,3]. Following the quantification of oxidized low-
density lipoprotein in plasma (oXxLDL) has been shown to be a
useful biomarker for the prevention and follow-up in patients. Even
though quantitative (HPLC) or semi-quantitative assays exist, the
latter show relatively low specificity and significant problems with
background. Thus, the development of new clinical assays [4] for
quantification of oxLDL in blood is required.

Rare earth ions (RE3*) are excellent luminescent probes for
biological systems because their narrow emission bands are easily
recognizable and well separated, in the transient time scale, from the
broad band fluorescence emissions from biological medium [5-7].
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Applications in medical diagnostics make use of an immunoassay
detected by time-resolved luminescence in order to allow the
separation of the RE3* ion luminescence from the fluorescence of
the biological samples [8,9].

A number of important technological advances have been achieved
applying nanotechnology for biomolecular detection using lumines-
cent RE>* nanomaterials [10-15]. Among the RE>* ions, Eu>** and Th3*
are the most investigated, due to their intrinsic electronic spectro-
scopic properties in the visible region under excitation in the ultra-
violet range [16]. Under this excitation, however, emissions arising
from the metal ions, organic ligands and biological systems are
typically present. In contrast, compounds containing Nd**, Er** and
Yb>* ions are relatively unexplored because these ions present weak
luminescence intensity in the near-infrared (NIR) region [17-19]. This
lack of research is mainly due to the technological advances in new
detectors and excitation sources (e.g. lasers, LEDs, etc.), which have
been developed only in the last decade.

Rare earth research on immunoassays has been almost exclusively
on europium and terbium labeling using time-resolved luminescence
techniques [20,21]. Phosphors with up-conversion characteristics are
also applied in immunoassays and other biomedical analyses [6].

However, it would be highly desirable to be able to use RE>* ions
with emissions in the NIR region due to the reduction of inter-
ferences from the biological environment.
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The main advantages of Nd** ion in immunoassays are: (i) it can
be excited in the NIR region with lasers and LEDs, which do not
induce electronic excitation in the biological medium; (ii) it
presents high luminescence intensity at 1060 nm, where water
molecules are transparent and (iii) it is not necessary to use time-
resolved techniques to detect the luminescence that can be
recorded at even extremely low Nd3* concentrations.

The Nd3* ion doped in a Y,05 matrix [22] used in immunoassays
can be beneficial, since it absorbs in both the visible and infrared
regions (500-900 nm) with subsequent emission in the NIR region.
Energy level diagram of the Nd** ion corresponding to absorbing
levels may be excited using a laser pump at 808 nm, with emissions
from the excited *Fs, state to *loj> (890 nm), *I;1/2 (1060 nm) and
“113/2 (1340 nm) manifolds. The *F3;; %111, transition is of high
technological interest and has been largely applied in the devel-
opment of high power lasers. Our proposal is to use this high
intensity emission in the area of immunoassays on the basis of the
reasons given above. In addition, the Y,03; matrix does not exhibit
luminescence in the NIR region [22].

We report here a spectroscopic study of Y>05:Nd>* nanoparticles
applied to fluoroimmunoassays. These nanomaterials were pre-
pared by the combustion method [23]. The development of a new
process to obtain silica particles incorporating Y,03:Nd3* with
3-aminopropyltrimethoxysilane (APTMS) used to provide the silica
coating and the amino groups on the surface of the nanoparticles is
also presented [24]. Furthermore, the covalent conjugation of these
nanomaterials to the antibodies used in this new immunoassay is
discussed.

2. Experimental

Y,05:Nd>* nanomaterials were prepared by the combustion
method using glycine (C;HsNO,) as fuel [23]. The starting materials
for the synthesis of nanoparticles were Y(NOs3)3(H,0),
Nd(NO3)3(H,0)s (synthesized from Nd,03—99.99%, Aldrich) and
glycine (analytical grade, Merck). Aqueous stock solutions of Y3*
and Nd>* nitrates were mixed in 0.5, 1, 2 and 5 mol% of Nd>* with
respect to Y>* (precursor solutions). Three different glycine-to-
nitrate ratios (G/N=1.0, 1.3 and 1.7) were employed to prepare
nanoparticles containing Nd*>* as a dopant. The resulting homo-
geneous solutions were evaporated on a heater plate. When the
excess of water was evaporated, spontaneous ignition occurred at
around 300 °C, producing a fluffy solid that was grounded into a
powder. The white powder sample was then heated at 600 °C for
10 h in order to decompose residual nitrate anions. The Y,05:Nd3*
nanomaterials were functionalized using a microwave oven tech-
nique [24]. In this case, APTMS was added to the Y,05:Nd3* sample
in order to encapsulate the luminescent nanoparticles. The mixture
was sonicated for 5 min and then heated in the microwave oven for
1 min. This procedure was repeated until a homogeneous white
mass was obtained. The resulting mass was heated at 150 °C for
30 min, ground to a powder, washed with distilled water and dried
in a muffle at 70 °C. The use of APTMS in the functionalization step
allowed the silica layer to protect the nanoparticles and provided
amine groups on the particle surface to conjugate to the biological
system. The ninhydrin method [25,26] was used to quantify the
primary amine groups on the functionalized nanoparticles. A
glycine solution was used for a standard calibration and the
quantification of amine was made by measuring the absorbance
at 570 nm against a reagent blank.

2.1. Fluoroimmunoassay using functionalized nanoparticles

The antibody used in this study has been described previously
[27,28]. Monoclonal anti-oxLDL antibody was directly immobilized

onto the amino-functionalized Y,03:Nd®* nanoparticles by the
well established glutaraldehyde spacer method [29]. One milli-
gram of the amino-functionalized particles was dispersed into a
phosphate buffer solution (PBS: 0.05 mol L~ !, pH 7.4) containing
5% glutaraldehyde and stirred for 2 h. The solid particles were then
washed four times with PBS, collected by centrifugation and
conjugated to the anti-oxLDL antibody at different concentrations
(0.25, 0.5, 1.0 and 2.5pgmL~!) at 4°C for 12 h. Finally, the
antibody-functionalized nanoparticles were washed four times
with PBS solution in order to remove the excess antibody. The 96-
well plate was coated with the oxLDL purified by ultracentrifuga-
tion at a concentration of 7.5 ug mL~! in a carbonate-bicarbonate
buffer (pH 9.6) overnight at 4 °C, as described in Refs. [3,30]. The
wells were then washed four times with a PBS-T solution, contain-
ing 0.05 mol mL~! PBS solution and 0.05% (v/v) Tween-20, blocked
with gelatin 1% PBS-T and washed four times with PBS-T. The
antibody-functionalized nanoparticles were then transferred to the
96-well plate. After 2 h at room temperature, the plate was washed
four times with PBS-T and read. All fluoroimmunoassay data were
executed simultaneously in triplicates.

2.2. Apparatus

X-ray diffraction patterns (XRD) of the samples were conducted
using a Rigaku Miniflex and Cu-Ko radiation (30 kV and 15 mA) in
the interval of 3-90° (20) with 1 s of pass time using the powder
XRD method.

Transmission electron microscopy (TEM) images were recorded
on a LEO 906E microscope operating at 80 kV. The samples were
prepared by dispersing the fine powder with ethanol in an
ultrasonic bath and then depositing a droplet of suspension on a
copper microscope grid covered with porous carbon film.

Visible and near-infrared absorption spectra of the Y,05:Nd>*
samples were recorded at room temperature on a Nicolet Magna
850 spectrophotometer in the spectral range of 550-1000 nm.

The luminescence spectra were measured at room temperature
in the range of 800-1470 nm with excitation from a Ti-Sapphire
laser pumped by an Ar laser model Innova 400 CR. The lumines-
cence signals were filtered by a simple (0.3 m) monochromator,
collected by an EG & G InGaAs detector and amplified by a lock-in.
Excited state lifetime measurements were carried out using a
Continuum OPO pumped by a Continuum Q-Switch Nd:YAG laser
(10 ns). The resulting signal was recorded by an InGaAs detector
and a Tektronix TDS380 digital oscilloscope.

3. Results and discussion

Y,05:Nd>* nanoparticles, prepared by the combustion method
[23] using glycine (G) as a fuel and nitrate (N) as a precursor for G/N
ratios equal to 1.0, 1.3 and 1.7, were characterized by X-ray
diffraction (seen in Fig. S1). These nanomaterials presented char-
acteristic diffraction pattern peaks of standard Y,03 compounds
with cubic structures, as defined by the Joint Committee for Powder
Diffractions Standards (JCPDS card #25-1200). In addition, the
average crystallite size, determined using Scherrer’s formula,
varied from 13 to 38 nm. It is interesting to note the increase in
the crystallite size with increasing G/N ratio. The temperature of
reaction also increased with the G/N ratio, achieving reaction at
about 1000, 1320 and 1450 °C for 1.0, 1.3 and 1.7 G/N ratios,
respectively, in agreement with the experimental results reported
by Ye et al. [31].

Fig. 1 shows the transmission electron microscopy (TEM) image
of the Y,05:2%Nd>* compound prepared by the combustion
method for G/N=1.7. Generally, an agglomerate of particles was
observed when the combustion method was employed. Based on
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Fig. 1. TEM image of Y,03:2%Nd>* nanoparticles prepared by the combustion
method.
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Fig. 2. Absorption spectrum of Y,03:2%Nd** nanoparticles recorded at room
temperature.

the TEM image (Fig. 1), the particle sizes varied from 25 to 40 nm,
which agrees with those obtained from the X-ray diffraction
pattern data (seen in Fig. S1).

The absorption spectrum of the Y,05:2%Nd>* nanoparticles (G/
N=1.7)recorded at room temperature in the spectral range of 550-
1000 nm is shown in Fig. 2. The narrow absorption bands of the
Nd** ion were assigned to the “lg;—2Gy;2+%Gs;z (579 and
597 nm), 4[9/2—>2H11/2 (627 nm). 4]9/2—>4F9/2 (689 nm), 4]9/2—>4F7/
2+4S3/2 (745 and 759 nm), *Ig, — *Fsj2 +*Ho2 (805 and 821 nm) and
g2 — *F3j2 (893 nm) transitions [32]. Typical absorption transi-
tions of the Y,05:Nd3* nanopowder were observed with similar
spectral profiles to the absorption recorded for samples prepared
by the ceramic method [22,33]. The Nd3* ion has an odd-electron
4f configuration; therefore it was labeled as a Kramer ion due to its
electronic states, which are at least doubly degenerate for any
crystal field perturbation. The analyses of the energy levels of
Y,05:Nd3* prepared by the ceramic method was reported by
Gruber et al. [34]. As can be noted, the “lgj—2Gyj; and *Gs,
transitions (Fig. 2) split into 4 and 3 peaks, respectively, due to the
crystal field interaction, indicating a non-cubic local symmetry
around the Nd** ions.

The near-infrared emission spectra of Y>03:2%Nd3* nanopow-
ders prepared by the combustion method at different glycine:
nitrate ratios (G/N=1.0, 1.3 and 1.7) were recorded at 298 K from

800 to 1500 nm under excitation pump by a Ti-Sapphire laser at
808 nm (Fig. 3(a)). The luminescence spectra show the character-
istic narrow bands assigned to 4f-4f transitions from the emitting
4F3)2 level to the *Igj, 112 and 113/, levels, centered around 915,
1080 and 1350 nm, respectively (Fig. 3(a)). The “Fsp—“li1p
transition was seen to be the most prominent and was found in
the “window of transparency” of water molecules, where water
and biological tissues have minimal absorbance [17].

The luminescence data showed that the sample with the highest
intensity had a neodymium concentration of 2% and a G/N ratio of
1.7 (Fig. 3(b) and (c)). Additionally, the lifetime values () of the
emitting *Fs/, level measured from the luminescence decay curves
(seen in Fig. S2) of the Y,05:Nd>* samples with G/N=1.7 and 5.0%,
2.0%, 1.0% and 0.5% Nd>* doping concentrations were 12, 70, 144
and 250 ps, respectively. It was noted that the 7 values increased
with decreasing dopant concentration, showing the luminescence
concentration quenching effect associated with the non-radiative
decay channel due to cross relaxation [35].

The Y,05:2%Nd>* material was then selected for application in
the fluoroimmunoassay of LDL. In order to protect the nanoparticle
from modification by acid and, at the same time, provide an amine
terminal to allow conjugation to a proper ligand (e.g. biomole-
cules), the nanoparticles were capped with a silica layer containing
amine groups by using microwave oven heating [24]. As such,
APTMS was reacted with the nanoparticle surface, generating a
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Fig. 3. (a) NIR emission spectra of Y,03:2%Nd>* samples prepared by the combus-
tion method at different G/N ratios under excitation pump by a Ti-Sapphire laser at
808 nm and recorded at room temperature; (b) emission intensity as a function of
Nd>* doping concentration (%) and (c) emission intensity versus the G/N ratio.
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covalent bonding between the silica layer and the Y,03:Nd3*
particles.

The ninhydrin method [25,26] showed about 5780 nmol mg !
of amine groups in the functionalized particles. After reaction with
glutaraldehyde the nanoparticles showed only 250 nmol mg ! of
amine groups. This result demonstrated the existence of a high
quantity of amine groups in the functionalized particles, and also
that the reaction with glutaraldehyde was effective. The coupling
between Ag-Ac and the nanoparticles was verified in the activity
assay for immobilized enzyme horseradish peroxidase (HRP)
[36,37], in order to prove the existence of molecular interactions
between the antibody and nanoparticles (seen in SI). The functio-
nalized Y,05:2%Nd>* nanoparticles were then established as a
biological label in a homogeneous immunoassay (Fig. 4) for
determining LDL.

Fig. 5 shows the integrated emission intensity of the *Fz;, — %l
transition as a function of the concentration of functionalized nano-
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Fig. 4. Principle of fluoroimmunoassay for oxLDL detection based on the lumines-
cence of Nd>* nanoparticles.
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Fig. 5. Integrated emission intensity of the 4F3/24>411]/2 transition as a function of
functionalized nanoparticles bound to the anti-oxLDL antibody in the sensitized
plate with oxLDL-antigen. The inset shows the emission spectrum obtained from the
96-well plate containing the anti-oxLDL labeled by the Y,03:2%Nd>* functionalized
nanoparticles.

particles bound to the LDL-antibody on the plate sensitized with
oxLDL-antigen under excitation at 808 nm. Immunoassay responses
were read in triplicate and a linear behavior (R=0.99987) was
observed between the luminescence intensity and the labeled anti-
oxLDL antibody concentration (mg mL~! x 10~%), where the Nd>* ion
acts as the biological probe for optical detection of antibody. The inset
in Fig. 5 shows the typical, narrow “Fs, —“l;1, emission of the Nd**
ion in this biological luminescent probe.

It is important to emphasize that the neodymium biolabel
allowed the detection of oxLDL on a nanometric scale (ng mL™1),
revealing the high efficiency of the process due to the high
luminescence intensity and small sample requirement.

4. Conclusions

In this work we have reported a study on Y,05:Nd>* nanopar-
ticles focusing on the great potential of this nanomaterial to be used
in novel fluoroimmunoassays. As these nanoparticles display
several advantages over other RE>* based biolabels, their applica-
tion in bioassays is certainly of interest. The functional integrity of
these nanomaterials was maintained with 3-aminopropyltri-
methoxysilane, which was used to provide the silica coating and
the amine groups on the surface of the Y,05:Nd?* nanoparticles.
Silica coating the surface of the nanoparticles helped to prevent
their aggregation in water and improved their chemical stability,
while the amino groups enabled the covalent conjugation to
antibodies in a homogeneous immunoassay for oxidized low-
density lipoprotein. Also of relevance was the fact that the Nd3*
material acted as a luminescent probe for oxXLDL detection at
concentrations on the nanomolar scale, revealing its high efficiency
as a luminescent biomedical marker in the NIR region. In summary,
a technological innovation for immunoassays based on functiona-
lized Y,03:Nd** nanoparticle as biolabel has been achieved that
avoids interferences from biological background fluorescence.
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