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Abstract: This work demonstrates lu-
minescence resonance energy transfer
(LRET) sensors based on lanthanide-
doped nanoparticles as donors (D) and
gold nanoparticles as acceptors (A),
combined through electrostatic interac-
tions between the oppositely charged
nanoparticles. Negatively charged lan-
thanide-doped nanoparticles, YVO,:Eu
and LaPO,:Ce,Tb, with high lumines-
cence quantum yield and good water-
solubility, are synthesized through a
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Introduction

In the last decade, biosciences, especially the bioanalysis
technologies, have switched into high gear with the surging
strides of nanoscience and nanotechnology in both theoreti-
cal and practical studies, from which numerous interesting
“unknown lands” are emerging as prospects for alternative
foci for research.l'! Among these is Forster/fluorescence res-
onance energy transfer (FRET),?! which is termed lumines-
cence resonance energy transfer (LRET) when lanthanides
are involved, since emission lines arise from 4f-4f transi-
tions, a transition technically termed luminescence to distin-
guish it from fluorescence.”) FRET and LRET attract a
great deal of attention as powerful techniques in biochem-
istry and structural biology, possessing the characteristics of
near-Angstrom resolution and exquisite sensitivity under
physiological conditions.! In the FRET process, the effi-
ciency of a dipole—dipole interaction-induced energy trans-
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polymer-assisted hydrothermal method.
charged polyhedral and
spherical gold nanoparticles exhibit
resonance
bands centered at 623 and 535 nm, re-
spectively. These bands overlap well
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with the emission of the Eu** and Tb**
ions within the lanthanide nanoparti-
cles. Herein, the gold nanoparticles are
synthesized through a seed-mediated
cetyltrimethylammonium bromide
(CTAB)-assisted method. The assem-
blies of the oppositely charged donors
and acceptors are developed into
LRET-based sensors exhibiting a
donor quenching efficiency close to
100%.

(SPR)

interac-
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fer can be well evaluated from the distance, spectral overlap,
and relative dipole orientations between the donor and ac-
ceptor.”! It is expected that nanomaterials are one of the
best choices for the investigation of FRET process,! pos-
sessing the inherent characteristics for overcoming the limi-
tations of traditional dyes, such as the small Forster critical
radii (R,) values, the uncertainty of the relative dipole orien-
tation, and the photobleaching phenomenon.” For example,
quantum dots (QDs) are successfully used as donors paired
with proximal dyes or gold nanoparticles in biological appli-
cations of DNA hybridization analysis,® biomolecule inhibi-
tion assays,” and extracellular matrix metalloproteinase-ac-
tivity monitoring,'” because of their broad absorption spec-
tra, size-dependent emission properties, and anti-photo-
bleaching character."'! However, the blinking behavior of
QD limits the measurements at the single-particle level,'”)
and the related R, value may actually fall within the radius
of the QD, resulting in a relatively low FRET efficien-
cy.l®331 Compared with QDs, lanthanide-doped nanoparti-
cles also exhibit a significant potential for use as donors in
resonance energy transfer.'l As important phosphors, their
emission is different from that of QDs, with the lumines-
cence coming from thousands of individual emission centers
in the nanoparticles.™ In this way, the lanthanide-doped
nanoparticles show no emission intermittency, and the
energy transfer efficiency is less dependent on the radius of
the nanoparticles with many emission centers located at the
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surface of the nanoparticles. Furthermore, the lanthanide-
doped nanoparticles possess similar unique optical proper-
ties to lanthanide chelates, which have been widely utilized
in LRET applications."® Their high quantum vyield and
sharp emission peaks result in large R, values (about
100 A). The large Stokes shift and millisecond excited-state
lifetime, aiding in the avoidance of direct excitation of ac-
ceptors and the distinguishing of auto-fluorescence from the
system, ensures a high signal-to-background ratio. More-
over, the unpolarized luminescence ensures the accuracy of
the LRET analysis.*'”! Gold nanoparticles are another kind
of nanomaterial used as quencher-type acceptors in the reso-
nance-energy-transfer analysis."® With large extinction coef-
ficients around 10° cm~'M~,™* gold nanoparticles exhibit an
exceptional quenching ability. Furthermore, the extinction
spectra, ranging from visible to near-infrared, can be well
adjusted through controlling the shape and size of the gold
nanoparticles,® to ensure significant spectral overlap be-
tween the donor emission and the acceptor absorption to fa-
cilitate highly efficient energy transfer. The application of
gold nanoparticles in resonance-energy-transfer studies also
relies strongly on their high monodispersity, good solubility,
and high stability against salt-induced aggregation.!"*!]
More importantly, a gold nanoparticle has a large surface
and an isotropic distribution of dipole vectors to accept
energy from the donor, so the gold nanoparticle-based reso-
nance-energy-transfer process is also called nanomaterial
surface energy transfer (NSET).[!! The NSET approach is a
dipole—dipole interaction-related resonance energy transfer,
which is similar to FRET in nature, but is geometrically dif-
ferent. It follows a 1/R* dependence and is capable of meas-
uring distances nearly twice as far as FRET. Furthermore, it
is desirable for large-scale measurements, such as nucleo-
protein assemblies and conformational changes in DNA du-
plexes.

Nevertheless, the examples using the size-dependent ex-
tinction property of gold nanoparticles to pair with different
emission donors are rare, and the application of lanthanide-
doped nanoparticles in LRET studies is just in the early
stages. In our previous report, the lanthanide-doped nano-
particles can transfer energy to proximal gold nanoparticles
through the biotin—avidin affinity, with the emission centers
located at/near the surface of the nanoparticles playing a
crucial role.” Since the energy-transfer process strongly de-
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pends on the donor—acceptor distance, it is important to
construct well-defined assemblies of lanthanide-doped and
gold nanoparticles as a model to investigate the resonance
energy transfer between them. Herein, we developed two
types of LRET systems. Typical lanthanide-doped lumines-
cent nanoparticles (YVO,:Eu and LaPO,:Ce,Tb) bind com-
pactly with the respective differently shaped gold nanoparti-
cles, through an electrostatic affinity in aqueous solution.
Two kinds of positively charged gold nanoparticles are syn-
thesized through the seed-mediated cetyltrimethylammoni-
um bromide (CTAB)-assisted method,?™! with extinction
peaks centered at 623 and 535 nm. The extinction spectra of
gold nanoparticles overlap significantly with the most in-
tense emissions of the negatively charged YVO,:Eu and La-
PO,:Ce, Tb nanoparticles. The electrostatic interaction be-
tween the oppositely charged donors and acceptors brings
them close to each other, thus, leading to an obvious lumi-
nescent quenching. The formation of the donor-acceptor as-
semblies and the energy-transfer process between them are
characterized by steady-state and time-decay photolumines-
cence analyses. This LRET model is instructive to under-
stand the energy-transfer process and mechanism between
lanthanide-doped nanoparticles and gold nanoparticles.

Results and Discussion
Designing of the Donor-A cceptor Pair

We first took the YVO,:Eu nanoparticles paired with the
polyhedral gold nanoparticles as an example to study the
LRET process. The donor of YVO,:Eu nanoparticles was
synthesized directly in water by coprecipitation of a given
amount of vanadate and the stoichiometric amount of rare
earth ions with a molar ratio of Y>*/Eu’* as 92:8.

Appropriate amounts of phosphorous-containing poly-
acrylic acid (PCA) are used as a capping agent to provide
aqueous dispersibility. The PCA polymer contributes to the
great stability of the colloidal solution of the nanoparticles,
through the coordination with Y** and Eu’" ions, and pro-
vides not only a well coated hydrophilic shell around the
nanoparticles, but also repulsion against aggregation arising
from their negatively charged -COO~ groups in a weakly
basic solution. As shown in Figure 1a, YVO,:Eu nanoparti-
cles with an average diameter of approximately 50 nm are
well dispersed. The selected area electron diffraction
(SAED) patterns (Figure 1b) are consistent with a zircon-
type YVO,, with strong diffraction of (200), (301), and (112)
planes, that are in good accordance with X-ray diffraction
(XRD) patterns (see Figure S1, Supporting Information).?*l
The high-resolution TEM (HRTEM) image of an YVO,:Eu
nanocrystal shown in Figure 1c displays well defined lattice
fringes of (200) with 0.35 nm spacing, indicating that the
nanocrystal is highly crystallized.

The quantum yield of as-prepared YVO,:Eu nanoparticles
is 54 %, measured using rhodamine B as reference.” Fig-
ure 2a shows the emission spectrum of YVO,:Eu nanoparti-
cles in aqueous solution. The most intense emission located
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Figure 1. a) Low-resolution TEM, b) selected-area electron diffraction
pattern, and c) high-resolution TEM images of YVO,:Eu nanoparticles.
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Figure 2. a) Luminescent emission spectrum of YVO,:Eu nanoparticles;
b) UV/Vis extinction spectrum of the as-prepared polyhedral gold nano-
particles.

at 617 nm, with full width at half maximum (FWHM) of ap-
proximately 4 nm, comes from the partly released parity-for-
bidden electric-dipole transition arising from an admixture
of odd-parity Sd-states into the 4f levels (*Dy—'F,),* in
which the Forster theory is applicable.”)

Gold nanopolyhedra serving as the acceptors/quenchers
were synthesized through a seed-mediated cetyltrimethylam-
monium bromide (CTAB)-assisted method.?™ The as-pre-
pared gold nanopolyhedra are well-dispersed in water and
stabilized by the electrostatic repulsion from the positively
charged surface with a CTAB bilayer.””! Figure 3a shows
the TEM image of the as-prepared gold nanopolyhedra with
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Figure 3. a) Low-resolution TEM, b) selected area electron diffraction
pattern, and c) high-resolution TEM images of polyhedral gold nanopar-
ticles.

an average size of approximately 50 nm. The gold nanopoly-
hedra are homogeneous on a large scale (see SEM image,
Figure S2, Supporting Information). According to Figure 3b,
SAED npatterns attributed to (220), (020), and (200) of a
cubic phase can be observed, and are in good agreement
with the XRD pattern. The HRTEM image in Figure 3¢ re-
veals clear lattice fringes with an interplane distance of
0.20 nm corresponding to the (200) lattice space of metallic
gold.™ Generally, gold nanostructures exhibit strong surface
plasmon resonance (SPR) extinction bands, which depend
on their shape and size. An extinction band of the as-pre-
pared gold nanopolyhedra, ranging from 500 to 800 nm cen-
tered at approximately 623 nm, can be observed in the ex-
tinction spectrum (Figure 2b). The peak is symmetrical, fur-
ther demonstrating the uniformity of the as-prepared gold
nanopolyhedra. Thereby, with sufficient spectral overlap be-
tween the most intense emission band of YVO,:Eu nanopar-
ticles and the extinction band of gold nanopolyhedra, effec-
tive energy transfer is liable to take place when their spacing
is shorter than the critical distance.

LRET Process

Scheme 1 shows the LRET process between YVO,:Eu and
gold nanoparticles. The YVO,:Eu nanoparticles and gold
nanopolyhedra possess oppositely charged surfaces in
weakly basic solution. When these two nanoparticles are
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Scheme 1. Schematic illustration of the LRET process from the
YVO,:Eu nanoparticles to polyhedral gold nanoparticles.

mixed together, assemblies are formed with the electrostatic
affinity as the driving force, and the particle distances
become close enough to trigger an efficient energy transfer
from the excited YVO,:Eu nanoparticles to gold nanopoly-
hedra. To illustrate the LRET process in detail, the experi-
ment was carried out by gradually adding small amounts of
a solution of gold nanopolyhedra to an YVO,:Eu solution.
The content of YVO,:Eu, which can be evaluated from the
total amount of nanoparticles and their sizes, was main-
tained at 1.6x10%particlecm™ (2.6x107"" molL™"), while
the content of the gold nanopolyhedra acceptor was varied
from 2x10°particlecm™ (3.3x107?molL™) to 2x
107 particlecm ™ (3.3x 107" molL™"). As shown in Figure 4a,
a pronounced and progressive quenching of the donor lumi-
nescence is clearly observed as the ratio of gold to
YVO,:Eu is increased, and the luminescent intensity of the
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Figure 4. a) Luminescent spectra of the YVO,:Eu nanoparticles with the

addition of gold nanopolyhedra; b) Plot of the apparent luminescent in-
tensity versus the amount of gold nanopolyhedra.

1860 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L.-D. Sun, C-H. Yan et al.

donor approximately reaches a minimum when the accept-
or/donor ratio gets to 1:8. As mentioned previously, the
LRET experiment was carried out in a sufficiently dilute so-
lution to minimize the interference from the absorption of
incident light, inner-filter effects such as re-absorption of lu-
minescence, and the aggregation of congeneric nanoparti-
cles. At such low concentrations, the donors and acceptors
could be assumed to be noninteracting and isolated in the
solution, and so the mean distance between them could be
estimated as approximately 2 x 10° A from the concentration
of nanoparticles, far beyond the distances required for effi-
cient LRET quenching. Therefore, the formation of donor—
acceptor assemblies is the prerequisite for our LRET pro-
cess.

The efficiency of LRET (E)) is estimated by the equation
of E;=1—Ip,/Ip, in which I, and I, are the intensities of
the D,-'F, transition of Eu’* jons in the YVO,:Eu nano-
particles without and with LRET assemblies, respectively.
The dots in Figure 4b show the luminescence tendency with
the addition of gold nanopolyhedra. At the final stage, the
luminescent quenching efficiency of YVO,:Eu reaches a
value of 95 %, that is, the greater part of the luminescence is
quenched through LRET by the gold polyhedra in the as-
semblies. The residual luminescence, however, should be at-
tributed to transitions with disoriented dipoles or even less
efficient resonance energy transfer for the emission centers
inside the lanthanide nanoparticles.”™ More interestingly,
the black curve in Figure 4b shows the dependence of I and
the amount of gold nanopolyhedra, which is well fitted to a
single exponential model (R*=0.99, see Supporting Infor-
mation for additional analysis). Directed by the above anal-
ysis, the dynamic process for the formation of donor—-accept-
or assemblies can be described according to the equation
nD+mA—m(D,A)+ (n—mx)D, in which n and m are the
numbers of donor and acceptor particles in solution, respec-
tively, and x is the average number of donor particles in
each assembly. The fitting to an exponential curve expresses
the relationship between luminescence intensity and gold
concentration. The concentration of gold nanoparticles is
much less than what is required in a simple absorption
scheme, so the previously mentioned exponential tendency
suggests the influence of the number of free luminescent
nanoparticles, which is related to the amount of gold nano-
particles in the system. That is, a gold nanoparticle seems to
insert into a fixed volume of the lanthanide nanoparticles
forming an LRET assembly when it is added to the solution,
showing the exchange between assemblies to be important.

The UV/Vis absorption spectrum (Figure 5) and TEM
image (inset of Figure 5) of the assemblies further confirm
the previous discussion. The band at 272 nm is attributed to
the absorption from vanadate groups of YVO,:Eu nanopar-
ticles,”! and the band at 623 nm is attributed to the absorp-
tion of the polyhedral gold nanoparticles. Compared with
the spectra of free YVO,:Eu nanoparticles, the invariant
peak position, as well as the weak absorption intensity, indi-
cates that the quenching of YVO,:Eu emission is most
likely to be caused by energy transfer from donor to accept-
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Figure 5. The absorption spectrum of YVO,:Eu-gold nanopolyhedron as-
semblies. The inset is a TEM image of the YVO,:Eu-gold nanopolyhe-
dron assembly.

or. Since no spectral shift is observed in the absorption
wavelength of gold in assemblies, this shows that the gold
nanopolyhedra remain isolated, for the aggregation of gold
nanoparticles would alter the SPR bands.” Based on the
evidence mentioned previously, we suggest that the assem-
blies are comprised of several YVO,:Eu donors but one
gold acceptor. The TEM image of the assemblies confirms
the suggestion, that the assembly shows one gold nanopoly-
hedron located at the center, enclosed with several
YVO,:Eu nanoparticles. It is inferred that the repulsion of
gold nanoparticles might occur because of the assemblies.

It is well-known that the LRET process, which can be rec-
ognized as an additional relaxation pathway of the excited
states of the donor, should also decrease the lifetime of the
excited state.’” In our previous work, we showed how the
analysis of the donor’s excited-state lifetimes can also distin-
guish the contributions of different emission centers.”’]
Figure 6 shows the time-decay curves for the *D~'F, transi-
tion of Eu’* ions in YVO,:Eu nanoparticles with and with-
out the LRET process, and indicates a significant decrease
of excited state lifetime after the formation of donor-ac-
ceptor assemblies. Both decay curves can be fitted to the
equation y=Aexp(—t/t,) + A,exp(—t/1,), in which T, and 1,
are the fast and slow excited-state lifetime of the YVO,:Eu
nanoparticles, respectively, and A is the contribution of the
two different lifetimes. The fitted results are shown in
Table 1. The emission centers at/near the surface of the
nanoparticle account for the short excited-state lifetime,
since the D —'F, transition of Eu’T ions is close to the third
harmonic of the OH vibrational mode of water, and there-
fore releases the energy nonradiatively,”! whilst the emis-
sion centers inside the nanoparticles account for the intrinsic
long excited-state lifetimes. Comparatively, in the case of as-
semblies, both t; and T, are shortened, arising from another
nonradiative channel supplied by the neighboring gold
nanopolyhedra. The LRET efficiencies can also be deter-
mined by the excited-state lifetimes through the equation,
E=1-—1p,/tp, in which 1y, and 1, are the luminescent life-
times of YVO,:Eu in the presence and absence of the ac-
ceptors, respectively. The LRET efficiencies, E, calculated
using the short lifetime is 36 %, and with the long lifetime is
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Figure 6. Time decay curves of the free YVO,:Eu nanoparticles (black),
and YVO,:Eu-gold nanopolyhedron assemblies (gray).

Table 1. Comparison of the excited-state lifetimes of free YVO,:Eu
nanoparticles and the YVO,:Eu-gold nanopolyhedron assemblies.

7,//ms AL % ©,//ms AL %
YVO,:Eu 0.58 18.49 1.36 81.51
YVO,:Eu-Au 0.37 33.76 0.94 66.24

[a] T, and T, are the lifetimes of Eu’™ fitting with biexponential function;
[b] A, and A, are the contribution fractions of T, and t,, respectively.

31%. These values are much less than the efficiency calcu-
lated with the luminescence intensity. Thousands of inde-
pendent luminescent centers, at which energy is released,
transferred, and quenched independently, discrepantly
behave like isolated dipole donors in the LRET process, be-
cause of the disparate distances between the emission cen-
ters and the gold nanopolyhedron surface, and also the sen-
sitive donor/acceptor distance-dependent LRET efficiency.
When the Eu’* ions at the surface are concerned, the dis-
tances to the gold acceptor are relatively short and the
LRET efficiencies are high. On the other hand, for the
body-centered Eu’" ions, the large donor/acceptor distance
results in a low LRET efficiency. Although the contribution
of Eu** ions inside the nanoparticles to the lifetime is con-
siderable, that of the surface Eu** ions is minor. In this way,
E. is less than E;, but provides additional information about
the contributions of different emission centers. Furthermore,
gold nanopolyhedra can not only increase the nonradiative
decay rate of the donor, but also decrease the radiative
rate,'®"! thus leading to a high quenching efficiency in the
compact donor-acceptor assemblies.

LRET in LaPO,:Ce,Tb Nanoparticle-Gold Nanosphere

The previously mentioned LRET model can also be extend-
ed to another important lanthanide phosphor, LaPO,:Ce,Tb
nanoparticles as donor, again with gold nanoparticles as ac-
ceptor. The LaPO,:Ce,Tb nanoparticles were synthesized
through a similar method as the YVO,:Eu nanoparticles.”!
The surface of the nanoparticles is protected by the PCA
polymer, and is also negatively charged. The TEM image
(Figure S3a, Supporting Information) indicates that the La-
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PO,:Ce,Tb nanoparticles are quasispherical in shape with an
average diameter of about 5 nm.

The luminescent spectrum of LaPO,:Ce, Tb nanoparticles
is shown in Figure 7, in which the most intense emission, lo-
cated at 540 nm, comes from the °D,~’F; transition of Tb**
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Figure 7. a) Luminescent emission spectrum of LaPO,:Ce,Tb nanoparti-
cles. b) UV/Vis extinction spectrum of spherical gold nanoparticles.

ions. The positively charged acceptor gold nanosphere, with
an average diameter of approximately 40 nm (Figure S3b,
Supporting Information), was synthesized through the seed-
mediated CTAB-assisted method by adjusting the concen-
tration of the reductant, ascorbic acid. The SPR extinction
band of the gold nanosphere ranges from 450 to 650 nm,
with the main peak at 540 nm (Figure 7b). Comparing the
emission of the donor and the absorption of the acceptor,
sufficient spectral overlap of the donor emission and accept-
or absorption can be observed, satisfying the premise for
high-efficiency LRET. When the oppositely charged donor
and acceptor are mixed together in a dilute aqueous solu-
tion, LaPO,:Ce,Tb-gold nanosphere assemblies are formed.
Meanwhile, the photoluminescence of LaPO,:Ce,Tb is sig-
nificantly quenched by the gold nanospheres (Figure 8). The
black curve in Figure 8b shows the luminescent intensities
of the °D,~'F; transition of Tb’* jons in the LaPO,:Ce,Tb
nanoparticles versus the amount of gold nanospheres for the
LRET assemblies, which also fits well to a single exponential
model (R*=0.98). However, at the final stage, about 90 %
of the luminescence is quenched by resonance energy trans-
fer. This value is a little lower than that of the YVO,:Eu-
gold nanopolyhedra assemblies. The reason is that the
°D,~'F;s transition of Tb** ions consists of both a magnetic
dipole transition and the electric dipole transition, and only
the latter part contributes to LRET.®! The *D,~'F; lifetime
of LaPO,:Ce,Tb—Au nanosphere assemblies decreases com-
pared with free LaPO,:Ce,Tb samples (Figure9 and
Table 2). The E, calculated using T, and T, is 65 % and 48 %,
respectively, which are also smaller than E;. However, the
E. values are higher than that of the YVO,:Eu—gold nano-
polyhedrum system, because LaPO,:Ce,Tb nanoparticles are
smaller than YVO,:Eu nanoparticles, hence the emission
centers are much closer to the acceptor surface, resulting in
the higher E..
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Figure 8. a) Luminescent spectra of the LaPO,:Ce,Tb nanoparticles with
the addition of gold nanospheres. b) Plot of the apparent luminescent in-
tensity versus the amount of gold nanospheres.
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Figure 9. Time decay curves of the free LaPO,:Ce,Tb nanoparticles
(black) and LaPO,:Ce,Tb-gold nanosphere assemblies (gray).

Table 2. Comparison of the excited-state lifetimes of LaPO,:Ce,Tb nano-
particles and the LaPO,:Ce,Tb-gold nanosphere assemblies.

T,/ms A% T,/ms Ayl %
LaPO,:Ce, Tb 1.87 50.12 3.75 49.88
LaPO,:Ce, Tb-Au 0.65 12.93 2.07 87.07

YVO,:Eu nanoparticles are also mixed with gold nano-
spheres to form assemblies, and the energy-transfer efficien-
cy (E)) is only about 30 %. This is reasonable since there is
less spectral overlap between the donor emission and ac-
ceptor absorption. In our previous report, no LRET oc-
curred between the LaPO,:Ce, Tb and gold nanoparticles
with the same charged surface,® even with adequate spec-
tra overlap. Therefore, sufficient spectra overlap of the
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donor and acceptor, as well as a proper donor/acceptor dis-
tance, are crucial to an efficient LRET process.

Additionally, electrolytes, which can destroy the electro-
static interaction of the assemblies and accordingly remove
the vital conditions for LRET, are introduced to release the
luminescence of the lanthanide nanoparticles from LRET
assemblies. Upon addition of NaCl (0.1 molL™"), the lumi-
nescent intensity, which diminishes considerably because of
the LRET process from the assemblies, recovers as much as
50% of that observed from the free donors, suggesting that
this model could be used to detect the strong ions in aque-
ous solution. Since the distance of donor and acceptor is
fixed in this work, we cannot determine the dependence of
the LRET efficiency with the donor-acceptor distance. It
will be interesting to conduct studies on the interaction dis-
tance-dependent resonance energy transfer efficiency be-
tween various lanthanide nanoparticles and suited gold
nanostructures. It is expected that this kind of donor-accept-
or pair will extend LRET studies both experimentally and
theoretically to aid LRET investigations to be preferred
rather than processes where the efficiency follows a 6th
power, like FRET, or 4th power, like NSET.

Conclusions

We present a promising lanthanide-doped nanoparticle to
serve as donor with a proximal gold nanoparticle as an ac-
ceptor for LRET experiments. The long excited-state life-
time, large Stokes shift, and narrow emissions of lanthanide-
doped nanoparticles render LRET analysis particularly
straightforward and feasible even in the presence of un-
bounded acceptors. The SPR bands of gold nanoparticles
are adjusted by the shape of the nanoparticles and can be
made to overlap with the emission of lanthanide nanoparti-
cles, which leads to highly efficient LRET. Theoretical anal-
ysis based on the electrostatic-interaction model of the as-
sembly of oppositely charged nanoparticles fits the experi-
mental data very well. Further studies indicate that the as-
semblies comprise of several donors with one acceptor,
probably caused by differently charged donor and acceptor
nanoparticles. Considering the good dispersibility in aqueous
solution and easy bio-functionalization, LRET studies based
on the lanthanide and gold nanoparticles could be utilised
for the measurements of protein—protein, protein-DNA, or
oligonucleotide interaction processes. The assemblies could
also be used in time-resolved fluorescence assays. The long
excited-state lifetimes of lanthanide-doped nanoparticles
allow resolved signals, with a high sensitivity, from the ana-
lytes to be measured. However, because the size of the
donor and acceptors are larger than traditional dyes, the
LRET process tends to be influenced by the surface states
of the nanoparticles, and the mechanism of LRET between
nanoparticles, which is more complicated than that of dyes,
requires further clarification.
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Experimental Section
Syntheses

YVO :Eu and LaPO,:Ce,Tb nanoparticles: Phosphorus-containing poly-
acrylic acid (PCA), as an aqueous solution and with a phosphorus con-
centration of 5.85% in weight, was kindly provided by Taihe Chemical
Factory in Shandong Province, China. Aqueous solution of the lanthanide
nitrates (0.013 mol L") was first mixed with a PCA solution (pH adjusted
to 6.0), the mixture was stirred for half an hour at room temperature,
and then the solution of sodium vanadate (molar ratio of lanthanide
ions/sodium vanadate/carboxylate is 1:1:1.5, the doping concentration of
europium ions is 8 mol %) were added dropwise. The final pH was ad-
justed to 12 with a solution of sodium hydroxide (2.5 molL™"). The mixed
solution was transferred into a teflon-lined autoclave and heated at
180°C for 72 h. Finally, the solution was dialyzed against distilled water
to remove the excess ions. A dialysis membrane with a molecular weight
cut-off at 12000 Da (pore size of about 2.5 nm) was used, and the water
was renewed until the pH value of the colloidal solution was the same as
water, and afforded the YVO,:Eu nanoparticles (0.010 molL™"). La-
PO,:Ce,Tb nanoparticles were synthesized by a similar method by copre-
cipitation of the lanthanide ions of La** (40%), Ce** (45%), and Tb**
(15%) together with Na,HPO,.

Polyhedral and spherical gold nanoparticles: A solution of gold seeds
(10 mL) was prepared by the reduction of HAuCl,-:3H,0 (2.5x
10#molL") by NaBH, (6.0x10 *molL™") in the presence of CTAB
(7.5%107> molL"). The solution of NaBH, was added quickly to the so-
lution containing CTAB and HAuCl,, and the reaction mixture was then
shaken for two minutes allowing the escape of the gas formed during the
reaction. These seeds were used between 2-24 h after preparation. Gold
nanopolyhedra (10 mL) were prepared by mixing HAuCl,-3H,0 (4.0x
10#molL"), CTAB (1.6x102>molL""), AgNO, (6.0x10°> molL "), as-
corbic acid (1.28x10°molL™"), and the as-prepared seed solution
(0.5 uL). The solution was mixed by inversion of the test tube after the
addition of each component. Gold nanospheres were synthesized using a
similar method by changing the ascorbic acid concentration to 4.8x
10~ molL™".

LRET Experiments

A solution of gold nanopolyhedron (2.5 uL, 4x 10’ particlecm™, 6.6x
10~ mol L") was added in aliquots to a solution of YVO,:Eu nanoparti-
cles (5 mL, 1.6x10® particlecm ™, 2.6x 107" mol L"), until the measure-
ments of the emission intensity of YVO,:Eu remained constant. The
LRET process of LaPO,:Ce,Tb to gold nanospheres was carried out by
the similar process.

Instrumentation

The size, selected area electron diffraction (SAED), and high-resolution
image of the nanoparticles were observed on a JEOL 200CX low-resolu-
tion TEM and a Hitachi H-9000 high-resolution TEM (HRTEM), operat-
ed at 160 kV and 300 kV, respectively. The samples were prepared by
slowly vaporizing a drop of colloidal nanoparticles on carbon-coated
copper grids. Absorption spectra were recorded on a Hitachi U-3010
spectrophotometer with colloidal nanoparticles. Luminescent spectra
were recorded on a Hitachi F-4500 spectrophotometer equipped with a
150 W Xe-arc lamp at room temperature. The spectra were measured at
a fixed band pass of 0.2 nm with the same instrument parameters of
5.0 nm for excitation slit and 5.0 nm for emission slit. The lifetime meas-
urements were performed with an Edinburgh Instruments FLS920 transi-
ent/steady-state photoluminescence spectrometer at room temperature.
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