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luorescence resonance energy trans-

fer (FRET) technique is an important

spectroscopic tool in bioanalysis,’*
especially in the detections of molecule
binding events® and protein conformation
change.® FRET occurs through the nonradi-
ative dipole—dipole interactions between
an excited donor molecule (D) and a proxi-
mal acceptor molecule (A) when the donor
emission and the acceptor absorption are
spectrally overlapped.’ Although organic
fluorophores have recently been demon-
strated to be useful for the FRET studies
even at the single-molecule level,” they
have the limitations of broad emission spec-
tra, small Stokes shifts, crosstalk between
multicomponents, and poor photostability,
thus restricting the more effective applica-
tion of FRET technique. Over the past sev-
eral years, luminescent lanthanide (mainly
europium and terbium) chelates have fre-
quently been used as donors in resonance
energy transfer applications?™*#° because
of their unusual spectral properties, includ-
ing long luminescence lifetime, large Stokes
shift, and sharply spiked emission bands
(~10 nm full width at half-maximum).'o
These properties make the lanthanide-
based resonance energy transfer, which is
(more correctly) referred to as luminescence
resonance energy transfer (LRET), have a
number of technical advantages over the
conventional FRET, although they rely on
the same fundamental mechanism.®

In a LRET assay, the prolonged lumi-

nescence lifetime of the sensitized accep-
tor emission enables the measurement
to be carried out with temporal and spec-
tral separation from interfering back-
ground emission.®'® Temporal resolution
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ABSTRACT The development of core—shell nanoparticles has shown a wide range of new applications in the
fields of chemistry, bioscience, and materials science because of their improved physical and chemical properties
over their single-component counterparts. In the present work, we took the core—shell nanoarchitectures as an
example to research the luminescence resonance energy transfer (LRET) process between a luminescent Th**
chelate, N,N,N',N'-[4'-phenyl-2,2":6’ 2’ -terpyridine-6,6'-diyl]bis(methylenenitrilo)tetrakis(acetate)-Th**
(PTTA-Tb**), and an organic dye, 5-carboxytetramethylrhodamine (CTMR). PTTA-Tb** and CTMR were chosen as
the donor—acceptor pair of LRET in our model construction because of their effective spectral overlapping. The
core—shell nanoparticles featuring a CTMR-Si0, core surrounded by a concentric PTTA-Th**+-5i0, shell were
prepared using a reverse microemulsion method. These nanoparticles are spherical, uniform in size, and highly
photostable. The results of LRET experiments show that the sensitized emission lifetime of the acceptor in the
nanoparticles is significantly prolonged (~246 ps), which is attributed to the long emission lifetime of the Th**+
chelate donor. According to the results of the steady-state and time-resolved luminescence spectroscopy, an
energy transfer efficiency of ~80% and a large Forster distance between the donor and the acceptor in the
core—shell nanoparticles are calculated, respectively. The new core—shell nanoparticles with a high LRET
efficiency and long Forster distance enable them to be promising optical probes for a variety of possible
applications such as molecular imaging and multiplex signaling.
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can minimize the short-lived background
noise caused by the directly excited ac-
ceptor emission, scattering lights, and
possible autofluorescence of the sample.
The background signal caused by the
long lifetime donor emission can be ef-
fectively excluded with spectral resolu-
tion using a bandwidth emission filter
having a narrow wavelength range where
a lanthanide donor has a local emission
minimum, but the acceptor emission is
still sufficient for the measurement.2'%12
In addition, it has been reported that the
LRET systems using lanthanide donors
have larger Forster radii (Ro, the
donor—acceptor distance where FRET is
50% efficient) up to 11 nm,>* while the
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Figure 1. Structures of PTTA-Tb3* chelate and CTMR (top), and general
depiction of the CTMR core/PTTA-Tb3* shell silica nanoparticles show-
ing the absorption of UV light (335 nm) by the PTTA-Tb3* shell (green
emission) and subsequent LRET to the CTMR core (orange emission)
(bottom).

R, values of conventional donor—acceptor pairs are
generally less than 6 nm,'* which provides longer inter-
molecular distances and more efficient energy transfer
for the LRET studies. These advantages make the
lanthanide-based LRET assays useful for a number of di-
agnostic and biological applications.*'%'32! However,
it has to be mentioned that the lower photostability of
conventional fluorophores used as the acceptors in
LRET is still a problem because the LRET efficiency can
be decreased by the irreversible photodegradation of
the acceptor.??

It is expected that luminescent nanomaterials are
one of the best choices for the study of energy trans-
fer process, possessing the inherent characteristics for
overcoming the limitations of conventional
fluorophores.?? In this regard, Tan et al.?* have devel-
oped multicolor FRET silica nanoparticles by simulta-
neously incorporating three energy transfer fluorescent
dyes into the silica matrix. Despite the considerable po-
tential for multiplex bioanalysis and molecular imag-
ing, these nanoparticles often suffer from quenching
at high spatial density, counteracting their high dye
loading. The development of core—shell nanostruc-
tures that display improved physical and chemical
properties over their single-component counterparts
has led to a wealth of new applications in the fields of
chemistry, bioscience, and materials science.2~% Quite
recently, Brodreau et al. reported the synthesis of multi-
layer core—shell nanoparticles displaying metal-
enhanced FRET.? Their results demonstrated that the
efficiency and distance of FRET could be significantly
increased.
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Luminescent lanthanide nanoparticles, with unique
optical properties and better photo- and chemical
stabilities,>~?” have also been used as the energy do-
nors for the LRET studies.2%?3° Since the energy trans-
fer process strongly depends on the donor—acceptor dis-
tance? it will be very helpful to conduct the well-defined
core—shell nanostructures as a model to investigate the
LRET process. However, to the best of our knowledge,
there has been no report on the LRET from the lanthanide
chelates to organic dyes in the core—shell nanoparticles.
A fundamental question that we are attempting to ad-
dress in this work is how the energy transfer occurs and
whether the LRET efficiency is improved in the core—shell
nanoparticles. We chose a luminescent Tb** chelate,
N,N,N'N'-[4"-phenyl-2,2":6",2'-terpyridine-6,6'-
diyllbis(methylenenitrilo)tetrakis(acetate)-Tb** (PTTA-
Tb3*), as the energy donor and an organic dye,
5-carboxytetramethylrhodamine (CTMR), as the energy
acceptor because of their well-documented photophysi-
cal properties and their good overlapping of absorption
and emission bands.'? After the well-dispersed spherical
CTMR core/PTTA-Tb>" shell silica nanoparticles were pre-
pared by covalent linking CTMR and PTTA-Tb** into the
silica matrix using a reverse microemulsion method,>' 33
the LRET from the PTTA-Tb>" shell to the CTMR core was
studied by using steady-state and time-resolved lumines-
cence spectroscopy methods. The results of our study
demonstrate that the efficiency and distance of LRET can
be significantly increased by covalently linking the
donor—acceptor pair into the core—shell silica nanoparti-
cles, which opens up a new perspective for the design of
silica-based multifunctional nanostructures. Figure 1
shows the structures of PTTA-Tb**, CTMR, and the
core—shell nanoparticles.

RESULTS AND DISCUSSION

Preparation and Characterization of the Core—Shell Silica
Nanoparticles. In this work, PTTA-Tb** and CTMR were
employed for the preparation of silica-based core—shell
nanoparticles for LRET studies because they have a
good spectral overlapping and can be covalently linked
into the silica matrix. Figure 2 shows the emission spec-
trum of PTTA-Tb3* and the excitation and emission
spectra of the CTMR. The emission peaks of PTTA-Th3*
at 487 and 541 nm are well overlapped with the excita-
tion spectrum of CTMR, satisfying the prerequisite for
efficient LRET. It is also notable that the emission inten-
sity of PTTA-Tb3* is nearly silent around 565 nm (~100-
fold lower than that of its maximum at 541 nm), where
CTMR is at ~90% of its emission maximum (577 nm).
These spectral characteristics of PTTA-Tb** and CTMR
enable the effective elimination of the direct emission
of CTMR when the sensitized long-lived emission of
CTMR at 565 nm in the LRET system is measured with
time-resolved detection mode, which allows a high sig-
nal/background ratio to be obtained when PTTA-Tb3*
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and CTMR are used as the donor—acceptor pair for the
LRET measurement.

To investigate the LRET performance of PTTA-

Tb** —CTMR donor—acceptor pair in nanostructures,
the CTMR core/PTTA-Tb3* shell silica nanoparticles
were synthesized using a W/O micromulsion method
by a two-step procedure involving the preparation of
the CTMR—silica core and the in situ postcoating of the
PTTA-Tb** —silica shell. After the EDC/NHS-activated
CTMR and PTTA-Tb3>" were covalently conjugated to
APS,**35 the CTMR—silica cores were first prepared by
the hydrolysis and copolymerization of the APS—CTMR
conjugate and TEOS in the W/O microemulsion. The in
situ postcoating of the CTMR—silica cores with
APS—PTTA-Tb*" conjugate, TEOS, and APS in the micro-
emulsion enabled the formation of a PTTA-Tb>" —silica
shell surrounding the CTMR—silica cores, yielding the
CTMR core/PTTA-Tb** shell silica nanoparticles. The use
of APS in the postcoating process allowed the amino
groups to be directly introduced onto the nanoparti-
cles’ surface, to provide an additional function for the
further application of the nanoparticles.

For comparison, the acceptor-only CTMR@SiO,
nanoparticles and donor-only PTTA-Tb3**@SiO, nano-
particles were also synthesized under the same syn-
thetic conditions (for details, see Synthesis of the
Core—Shell Nanoparticles in Materials and Methods). It
has been reported that the luminescence lifetime of
PTTA-Tb**-doped silica nanoparticles is remarkably
longer than that of the free PTTA-Tb* chelate.?® The re-
sults of time-resolved measurements showed that, in
aqueous solution, the luminescence lifetime for the
PTTA-Tb**@SiO, nanoparticles was 1.21 = 0.02 ms (the
decay curve is shown in Figure 6a), while that for free
PTTA-Tb** was only 0.45 ms,3 indicating that the PTTA-
Tb** donor was effectively protected from the lumines-
cence quenching by the silica matrix. Figure 3 gives
the bright-field and luminescence (under a 365 nm UV
lamp) photographs of the three kinds of nanoparticles
dispersed in the aqueous buffer (in Figure 3a, the reflec-
tance of the black background seems to be occurring,
but it has no effect on the luminescence observation).
It was interesting to see that a much stronger pink emis-
sion color was observed from the solution of CTMR-
PTTA-Tb**@SiO, nanoparticles, even though the lumi-
nescence of CTMR@SiO, nanoparticle solution is very
weak under irradiation of the 365 nm UV lamp. This
phenomenon can be explained by the fact that the
weak luminescence of CTMR@SiO, nanoparticles is due
to the weak absorption of CTMR at 365 nm. While in the
core—shell CTMR-PTTA-Tb3*@SiO, nanoparticles, due
to the absorption of PTTA-Tb* at 365 nm and the LRET
from the Tb3* chelate to CTMR, the luminescence of
CTMR is remarkably enhanced. This result also demon-
strated the existence of the efficient energy transfer
from the PTTA-Tb3* shell to the CTMR core in the CTMR-
PTTA-Tb**@SiO, nanoparticles.
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Figure 2. Emission spectrum of PTTA-Tb3* chelate (Ao, = 335

nm, green line) and the excitation (A, = 577 nm, black line)
and emission (A¢, = 557 nm, pink line) spectra of CTMR.

High-resolution transmission electron microscopy
(HRTEM) was used for the characterization of the nano-
particles. As shown in Figure 4, different from the
single-layer structure of the CTMR@SiO, nanoparticles,
the PTTA-Tb**@SiO, and the CTMR-PTTA-Th3*@SiO,
nanoparticles show that the core—shell structures, de-
spite the shell thickness, are formed. The formation of
the core—shell structure is attributed to the two-step
preparation method (see the section of Materials and
Methods). The mean particle diameters (£SD) of the
CTMR@Si0O, nanoparticles and the PTTA-Tb**@SiO,
nanoparticles are 51 = 2 and 54 £ 3 nm, respectively,
while that of the core—shell CTMR-PTTA-Tb3*@SiO,
nanoparticles is 69 = 2 nm. The observed increase in
size of the CTMR-PTTA-Tb3*@SiO, nanoparticles com-
pared with that of the CTMR@SiO, nanoparticles is at-
tributed to the presence of the PTTA-Tb** —silica shell
around the CTMR—silica core. The smaller size of the
PTTA-Tb**@SiO, nanoparticles compared with that of
the CTMR-PTTA-Tb**@SiO, nanoparticles is due to the
different water/oil ratios in the W/O micromulsions be-
cause 100 pL of water was used instead of 100 L of the
APS—CTMR conjugate for the synthesis of the PTTA-
Tb**@SiO, nanoparticles. From the difference in par-
ticle sizes between the CTMR@SiO, and the CTMR-
PTTA-Tb**@SiO, nanoparticles, the thickness of the
PTTA-Tb3* —silica shell in the CTMR-PTTA-Tb**@SiO,
nanoparticles is evaluated to be ~9 nm. It is known that

Figure 3. (a) Bright-field and (b) luminescence (under a 365 nm UV lamp)
photographs of colloidal solutions of CTMR@SiO, (left), PTTA-Tb3*@Si0,
(middle), and CTMR-PTTA-Tbh3*@Si0, (right) nanoparticles.
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Figure 4. TEM images of the CTMR@SiO, (a), the PTTA-Tb**@Si0, (b), and the core—shell CTMR-PTTA-Tb3*@SiO, (c) nano-
particles. (d) Particle size distribution histograms of the three kinds of nanoparticles.

the LRET efficiency depends on the separated distance
of the donor and acceptor molecules (proportional to
R~®), and LRET with a lanthanide donor typically occurs
over distances up to 11 nm.>* Therefore, the LRET from
the PTTA-Tb3" —silica shell to the CTMR—silica core is
possible because the distance between the donor
(PTTA-Tb3*) and the acceptor (CTMR) is within the For-
ster distance.

LRET of the Core—Shell CTMR-PTTA-Th**@Si0, Nanoparticles.
To investigate the LRET process of the core—shell
CTMR-PTTA-Tb**@SiO, nanoparticles, the lumines-
cence spectra of the nanoparticles were measured with
both the steady-state mode and the time-resolved
mode. Figure 5 shows the steady-state emission spec-
tra of the CTMR@SiO, and the CTMR-PTTA-Tb3*@SiO,
nanoparticles dispersed in the aqueous buffer. The lu-
minescence at 581 nm of the CTMR-PTTA-Tb3**@SiO,
nanoparticles is ~13-fold higher than that of the
CTMR@SiO, nanoparticles, while only a weak donor
emission at 541 nm is observed. It is therefore reason-
able to assume that the high acceptor/donor emission
ratio observed in the spectrum of the core—shell nano-
particles results from a very efficient LRET from the do-
nor shell to the acceptor core.

It has been known that the luminescence lifetime
of the sensitized acceptor emission in the LRET sys-
tems using luminescent lanthanide chelates as the do-
nors can be significantly prolonged (over tens to hun-
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dreds of microseconds), which enables the
measurement to be carried out with time-resolved
mode to eliminate the interferences from the assay ma-
trix and the direct short-lived acceptor emission. There-
fore, the LRET of the core—shell CTMR-PTTA-Tb3>T@SiO,
nanoparticles was further confirmed by the time-
resolved luminescence measurement. In this work, the
time-resolved emission spectra of the new nanoparti-
cles were measured with a gate time of 0.40 ms and a
series of delay times (from 0.05 t01.0 ms). By using this
mode, the direct emission of CTMR (several nanosec-
onds of emission lifetime) was completely eliminated.
Figure 6a,b shows the time-resolved emission spec-
tra of the donor-only PTTA-Th3*@Si0O, nanoparticles
and the core—shell CTMR-PTTA-Tb3**@SiO, nanopar-
ticles dispersed in the aqueous buffer at different de-
lay times. It can be observed that the donor-only
PTTA-Tb3*@SiO, nanoparticles show a typical Th3*
emission pattern with a main emission peak at 541
nm (°D;—7Fs) and several side peaks centered at 486,
581, and 617 nm. The inset in Figure 6a shows the
emission intensity change of the PTTA-Tb3*@SiO,
nanoparticles at 541 nm against different delay
times. The correlation between the natural loga-
rithm of the emission intensity of the nanoparticles
and the delay time shows a good linearity that can
be accurately fitted to the equation y = 6.389 —
0.829x (R? = 0.998). This result demonstrates that
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Th3*@Si0, nanoparticles at 581 nm are dis-
tinctly increased (Figure 6b), which can be
considered to be attributed to the sensitized
delayed emission of the acceptor (CTMR) in
the nanoparticles. To further confirm the oc-
currence of LRET only when the
donor—acceptor pair is in very close proxim-
ity, the emission spectra of PTTA-Th3*@SiO,
| nanoparticles with steady-state and time-
resolved modes in the presence of free CTMR
were also determined. As shown in Figure
6¢, in the presence of free CTMR, the emis-
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Figure 5. Steady-state emission spectra (Aex = 335 nm) of the
CTMR@SiO, nanoparticles (100 mg/L, solid line) and the core—shell
CTMR-PTTA-Tb3*@Si0O, nanoparticles (100 mg/L, dashed line).

the luminescence of the PTTA-Tb3*@SiO, nanoparti-
cles has a single exponential decay with a lifetime of

1.21 ms. Compared with the spectra of the PTTA-
Tbh3*@Si0, nanoparticles, although the emission
peak position is unchanged, the emission peak

sion intensity of the PTTA-Tb3*@SiO, nano-
particles at 581 nm in the steady-state spec-
trum was significantly increased and the
spectrum pattern was quite similar to that
of CTMR-PTTA-Tb3*@SiO, nanoparticles
(dashed line in Figure 5). However, when
time-resolved mode was used, the emission of CTMR
disappeared, and the spectrum was recovered nearly
the spectrum of the PTTA-Tb3*@SiO, nanoparticles
(weakly affected by the long-distance LRET). This re-
sult demonstrates that the efficient LRET occurs
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Figure 6. (a) Time-resolved emission spectra of the donor-only PTTA-Tb3**@SiO, nanoparticles (100 mg/L; the inset shows
the correlation between the natural logarithm of luminescence intensity of the nanoparticles at 541 nm and delay time) and
(b) the core—shell CTMR-PTTA-Tbh3*@SiO, nanoparticles (100 mg/L) at different delay times. (c) Steady-state (red line) and
time-resolved (black lines at different delay times) emission spectra of the donor-only PTTA-Tb**@SiO, nanoparticles (100
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mg/L) in the presence of free CTMR (1.0 uM).
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Figure 7. Emission intensity ratio of sg/ls4; (Aex = 335 nm) of the
nanoparticles (100 mg/L) as a function of delay time (square, PTTA-
Tbh3*@Si0, nanoparticles; circle, CTMR-PTTA-Tb**@SiO, nanoparti-
cles).

only when the donor—acceptor pair is in a very short
distance.

Figure 7 shows the emission intensity ratio change
of 581 to 541 nm (/sg/Is41) Of the PTTA-Tb3*@SiO, nano-
particles and the core—shell CTMR-PTTA-Tb**@SiO,
nanoparticles as a function of delay time. It is notable
that the Isg1//s4; ratio obtained from the spectra of the
CTMR-PTTA-Tb3*@SiO, nanoparticles is higher than
that obtained from the spectra of the PTTA-Tb**@SiO,
nanoparticles in all cases (delay time varied from 0.05 to
1.0 ms). With the increase of delay time from 0.05 to
1.0 ms, the Isg/Is4; ratios of the PTTA-Tb3*@SiO, nano-
particles are almost unchanged (~0.31), while those of
the CTMR-PTTA-Tbh3*@SiO, nanoparticles are decreased
from 1.04 to 0.46. The above results indicate that the
sensitized emission lifetime of CTMR is significantly de-
layed (but has a faster decay compared with the PTTA-
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Figure 8. Normalized time-resolved emission spectra (Aex = 335 nm,
delay time = 50 ps) of the donor-only PTTA-Th3*@SiO, nanoparticles
(green line) and the donor—acceptor CTMR-PTTA-Tb**@SiO, nano-

particles (pink line), and the difference spectrum (blue line) by sub-
tracting the donor emission from the donor—acceptor emission.
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Tb** donor), and the energy transfer from the Th** che-
late to CTMR is quite efficient in the core—shell
nanoparticles.

Using the Selvin’s method,'? the sensitized acceptor
emission was isolated from the donor emission. As
shown in Figure 8, after the emission curves of the
donor-only PTTA-Tb**@SiO, nanoparticles (green line)
and the donor—acceptor CTMR-PTTA-Tb**@SiO, nano-
particles (pink line) were normalized at 541 nm, the do-
nor emission was subtracted at all wavelengths from
the donor—acceptor emission, leaving the difference
emission which was attributed to the sensitized emis-
sion of the acceptor (blue line). As expected, the shape
of the difference emission is nearly the same as that of
the acceptor-only CTMR@SiO, nanoparticles (Figure 5,
solid line). Thus the LRET efficiency (E) from the Tb>*
chelate to CTMR in the core—shell nanoparticles was
approximately calculated to be 81% by using the areas
under the corrected sensitized emission curve (fy) and
the donor emission curve (fp) and a quantum yield of
tetramethylrhodamine (TMR, gx = 0.174)'? with the
equation E = (fa/qa)/(fa/qa + fp)."?

In a LRET system, the energy transfer efficiency (E)
can also be determined by measuring the lifetimes of
the donor’s emission in the absence of acceptor (tp) and
the sensitized emission of acceptor (tap) using the
equation E = 1 — (ap/7p).2 In this work, the PTTA-Tb3*
donor has a very weak emission at 565 nm, where the
sensitized CTMR emission is significantly strong, and the
signal/background ratio at 565 nm is approximately
32:1 calculated by dividing the signal of
donor—acceptor pair and the signal of donor-only at
565 nm'?2 (Figure 8). Thus, the luminescence decay
curve of the sensitized acceptor emission was deter-
mined by monitoring the intensity change at 565 nm.
As shown in Figure 9, the decay curve of the sensitized
acceptor emission shows a double exponential correla-
tion that can be expressed as y = 63.5%exp(—1/0.012)
+ 39.1%exp(—1/0.246) + 0.088 (R?> = 0.998). The short
lifetime of 12 = 1.5 ps corresponds to the luminescence
from a detector artifact'? or a donor—acceptor pair at
a very short distance, and the long lifetime of 246 + 19
s is attributed to the energy transfer from the Tb**
chelate donor to the CTMR acceptor in the nanoparti-
cles. Consequently, using Tap = 246 s and 1p = 1.21
ms, the LRET efficiency for the core—shell CTMR-PTTA-
Tb3*@SiO, nanoparticles was calculated to be 80 = 2%
using the equation E = 1 — (1ap/7p), Which is corre-
sponds well with the result calculated from the areas
of the corrected sensitized emission curves. Therefore,
it is reasonable to suggest that the enhancement of
LRET efficiency is achieved by employing the novel
core—shell nanostructure where the acceptor and do-
nor are covalently linked into the core and shell,
respectively.

In addition, as observed in the TEM images, the
core—shell CTMR-PTTA-Th3*@SiO, nanoparticles are
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quite monodispersed and the CTMR acceptor is located
in the center of the PTTA-Tb*" donor shell. Thus the aver-
age donor—acceptor distance (R) can be considered to
be a constant. However, to determine the exact average
R of LRET in the nanoparticles is difficult. To roughly esti-
mate the R, value in the core—shell nanoparticles, we as-
sume that the average R is in the range of 4.5 to 9 nm
(from half to full of the shell thickness). On the basis of
this hypothesis, the Forster radius Ry of the core—shell
CTMR-PTTA-Tb3*@SiO, nanoparticles was calculated to
be in the range of 57 to 113 A using the equation Ry = R
X [E/(1 — E)]'68 The effective enhancement of LRET effi-
ciency and large Forster distance of the core—shell CTMR-
PTTA-Tb**@SiO, nanoparticles can be considered to be
attributed to the effective energy transfer from the ex-
cited PTTA-Tb3" donor in the shell to the CTMR acceptor
in the core. It is also worth considering that the lumines-
cent core—shell nanoparticles have clear advantages over
the uncoated materials in terms of enhanced lumines-
cence and photostability.??3738 Moreover, since the do-
nor and the acceptor molecules are both covalently at-
tached into the core—shell silica nanoparticles, the dye-
leaking problem is well-resolved, which favors the long-
term employment of the nanoparticles for the LRET
studies. However, because the average donor—acceptor
distance was fixed in the present work, the dependence
of the LRET efficiency on the donor—acceptor distance
was not determined. It shall be interesting to conduct the
studies on the distance-dependent LRET efficiency be-
tween various lanthanide donors and suited acceptors in
the core—shell nanostructures.

CONCLUSIONS

In conclusion, a core—shell nanoparticle-based strat-
egy for improving the LRET efficiency was presented in
this work. Using a versatile, simple, and reproducible
method, the luminescent dye covalently linked silica

MATERIALS AND METHODS

Materials and Instrumentation. The ligand PTTA was synthe-
sized according to a reported method.?® Triton X-100, (3-
aminopropyl)triethoxylsilane (APS), tetraethyl orthosilicate
(TEOS), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
were purchased from Acros Organic. Unless otherwise stated,
all chemicals were purchased from commercial sources and
used without further purification.

Luminescence spectra and lifetimes were measured on a
Perkin-Elmer LS 50B luminescence spectrometer with the condi-
tions of excitation slit, 10 nm; emission slit, 5 nm. UV —vis absorp-
tion spectra were measured on a Perkin-Elmer Lambda 35
UV —vis spectrometer. All spectra were recorded at room tem-
perature. The shape and size of the nanoparticles were measured
on a JEOL JEM-2000EX transmission electron microscope.

Synthesis of APS— CTMR and APS—PTTA-Th** Conjugates. According
to the reported methods,**35 the APS—CTMR and APS—PTTA-
Tb* conjugates were synthesized as follows.

(i) Synthesis of APS—CTMR conjugate: To 240 pL of anhy-
drous ethanol solution containing 3.7 mg of EDC and 1.2 mg of
NHS was added 60 p.L of 0.05 M sodium carbonate buffer of pH
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Figure 9. Decay curve of the sensitized acceptor emission at 565 nm.

nanoparticles featuring an organic acceptor (CTMR)
core surrounded by a concentric lanthanide chelate do-
nor (PTTA-Tb3*) shell were prepared. The as-prepared
nanoparticles are monodisperse, spherical, uniform in
size, and well-dispersed in water. The LRET experiments
of the new nanoparticles were conducted with steady-
state and time-resolved luminescence spectroscopy
methods. Thanks to the long lifetime and sharply spiked
emission of the lanthanide donor, the sensitized emis-
sion of the acceptor can be measured with temporal
and spectral separation from the interfering back-
ground emissions. More importantly, the increased For-
ster distance and efficiency of LRET in the core—shell
nanoparticles and their enhanced photostability allow
them to be promising optical probes for a variety of
possible applications. It is also expected that the
core—shell nanoparticle model presented in this work
can be further extended to two or more LRET pairs to
generate various multicolor and multilayer core—shell
nanoparticles for the multiplexed detections.

9.5 containing 3.9 mg of CTMR. The mixture was agitated for 30
min, and then 5.0 L of APS was added with stirring. The reaction
was allowed to continue for another 2 h. The obtained solution
containing the APS—CTMR conjugate was used in the next step
without further manipulation.

(i) Synthesis of APS—PTTA-Tb** conjugate: To 200 pL of an-
hydrous ethanol solution containing 9.0 mg of EDC and 2.8 mg
of NHS was added 50 pL of 0.05 M sodium carbonate buffer of
pH 9.5 containing 3.8 mg of PTTA - 1.5H,0. The mixture was agi-
tated for 30 min, followed by the addition of 5.0 L of APS. The
reaction was kept for another 2 h. Then 50 pL of aqueous solu-
tion containing 2.3 mg of TbCl; - 6H,0 was added, and the mix-
ture was further stirred for 15 min. The obtained solution con-
taining the APS—PTTA-Tb** conjugate was used in the next step
without further manipulation. ESI-MS for APS—PTTA (base peak):
positive mode, m/z 734.2 (100%) [M — 20C,Hs — H + Nal*;
negative mode, m/z 689.3 (100%) [M — 30C,Hs — H + Na] ™. No
molecular ion peaks of free PTTA and APS—PTTA were observed.

Synthesis of the Core—Shell Nanoparticles. The CTMR core/PTTA-
Tb** shell silica nanoparticles were prepared in a water-in-oil
(W/0) reverse microemulsion with the following procedure. To
a solution consisting of 1.77 g of Triton X-100, 1.6 mL of
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n-octanol, and 7.5 mL of cyclohexane were added 100 pL of
APS—CTMR conjugate solution and 300 pL of water to obtain a
W/O microemulsion. After the solution was stirred for 30 min,
100 pL of TEOS was added. The polymerization reaction was ini-
tiated by adding 60 p.L of concentrated aqueous ammonia. Af-
ter stirring for 24 h, 100 pL of APS—PTTA-Tb3* conjugate solu-
tion was added. The solution was stirred for 30 min, and then 100
L of TEOS and 5 pL of APS were added. The mixture was stirred
for another 36 h. The nanoparticles were isolated from the micro-
emulsion by adding 10 mL of acetone, followed by centrifuging
and washing with ethanol and water several times to remove
the surfactant and unreacted materials. For comparison, the
acceptor-only CTMR@SiO, nanoparticles (CTMR—silica cores, no
postcoating step of APS—PTTA-Tb** conjugate) and donor-only
PTTA-Tb**@SiO, nanoparticles (the pure silica core was synthe-
sized using 100 p.L of water instead of 100 L of APS—CTMR con-
jugate, and then the core was postcoated with PTTA-Tb** —silica
shell) were also synthesized under the same synthetic
conditions.

LRET Measurements. All of the measurements were carried out
in 0.05 M Tris-HCl buffer of pH 7.4 with the same concentration
of the nanoparticles (100 mg/L). The spectra of LRET were mea-
sured with two modes.'® One is steady-state luminescence
mode, and another is time-resolved luminescence mode. The
time-resolved luminescence spectra were recorded with a gate
time of 400 ws and different delay times after the pulse excita-
tion. In the case of time-resolved mode, only the luminescence of
long-lived species was detected, and that of short-lived species
was eliminated. The luminescence decay curves were measured
using a previous method'® by recording the sensitized acceptor
emission at 565 nm with a gate time of 400 s and different de-
lay times. The LRET efficiency (E) was determined by using two
methods: (1) E was determined and calculated using the equa-
tion E = (fa/qa)/(fa/qa + 15),'> where f, and fp are the areas un-
der the sensitized emission curve of acceptor and the donor
emission curve, respectively, and g is the luminescence quan-
tum yield of the acceptor. (2) E was determined and calculated
using the equation E = 1 — (1ap/7p),% where Tp is the donor’s
emission lifetime in the absence of acceptor, and Tp is the life-
time of the sensitized emission of acceptor.
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