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Time-Resolved FRET Biosensor Based on Amine-Functionalized
Lanthanide-Doped NaYF, Nanocrystals**

Datao Tu, Ligin Liu, Qiang Ju, Yongsheng Liu, Haomiao Zhu, Renfu Li, and Xueyuan Chen*

Recently, nanocrystals (NCs) doped with lanthanides (Ln*")
have come to the forefront of functional nanomaterials for a
variety of biological applications due to their sharp f-f
emission peaks, long photoluminescence (PL) lifetimes, and
large Stokes shifts.'! Compared to traditional organic fluo-
rophores and quantum dots (QDs) commonly used in bio-
imaging and biodetection, Ln**-doped NCs show superior
features such as high chemical stability, high resistance to
photobleaching, and low toxicity.”! A significant application
of Ln**-doped NCs is the development of novel luminescent
biosensors based on fluorescence resonance energy transfer
(FRET), a nonradiative process characterized by energy
transfer between an excited donor fluorophore (e.g., Ln*'-
doped NC) and an acceptor fluorophore (e.g., organic dye)
through long-range dipole-dipole interactions.”) The donor
and acceptor fluorophores are linked in close proximity,
typically less than a few nanometers, through bioconjuga-
tion.”® This energy-transfer process can be detected by
monitoring the PL emission spectra of acceptor and donor
upon excitation of the donor. The change in PL emission
intensity is sensitive to the concentration of target biomole-
cules introduced for bioconjugation between donor and
acceptor.! Unfortunately, for conventional FRET assays
with steady-state detection mode, the sensitivity of fluores-
cence detection is severely compromised by autofluorescence
interference, which limits practical application of the FRET
technique involving UV-excited bioprobes such as organic
dyes, Ln*" chelates, and QDs.

To avoid autofluorescence and improve detection sensi-
tivity, some novel FRET assay techniques have emerged. For
instance, upconversion FRET (UC-FRET) assay has been
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introduced as a good candidate for quantitative detection of
biological samples, whereby UC phosphors are excited in the
near-infrared (NIR) region to achieve visible emissions, so
that no autofluorescence is produced from biocompounds.”!
Time-resolved FRET (TR-FRET) employing the long-lived
PL of lanthanide ions such as Tb*" and Eu®" is another
effective strategy to completely eliminate the interference of
scattered light and autofluorescence from cells and tissues, as
previously proposed for molecular probes such as Ln**
chelates.”! The PL lifetime of typical lanthanide complexes
is on the order of a few milliseconds or longer,” in sharp
contrast to those of common organic dyes and biocompounds,
which lie typically in the nanosecond range.”! In a TR-FRET
analysis, energy transfer from the donors such as Ln*'
chelates will apparently lengthen the PL lifetime of acceptors
such as organic dyes, which are intrinsically short-lived,’* due
to slow population of the acceptor excited state from the long-
lived Ln** excited state. On the basis of this principle, the TR-
FRET signal can be measured free of the interference of
short-lived background by setting appropriate delay time and
gate time (Figure 1). This method offers a signal with
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Figure 1. The principle of luminescent biodetection based on the TR-
FRET technique.

remarkably high signal-to-noise ratio in luminescent biode-
tection as compared to conventional FRET. Thus far,
molecular probes based on Ln*" chelates have been devel-
oped as TR-FRET bioprobes in various immunoassays
because of their long PL lifetimes, often longer than 1 ms,
and large Stokes shifts (>200nm). However, most Ln*"
chelates are susceptible to photobleaching under intense
and continuous excitation.’! Herein we present the first
demonstration of TR-FRET biosensing based on amine-
functionalized Ln**-doped NCs. As opposed to Ln** chelates,
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these NCs have rigid crystal lattices and high photostability
against continuous excitation and repetitive assays. By using
our model system, we show that trace amounts of biomole-
cules such as avidin can be readily detected down to about
5 nm.

Currently, NaYF, is recognized as one of the most
efficient host for both UC and downconversion PL because
of its low lattice phonon energy (< 400 cm™!).”) Considerable
efforts have been devoted to controlled synthesis and optical
characterization of Ln**-doped NaYF, NCs.'” However,
most of these NCs were prepared in hydrophobic organic
solvents and are not water-soluble due to the lack of
hydrophilic functional groups on their surfaces. Typically,
additional surface-modification steps are required to create a
hydrophilic surface bearing appropriate functional groups
(e.g., COOH, NH,, or SH) for further conjugation of
biomolecules.'!! The complicated and time-consuming post-
treatment procedures may affect the morphology and PL
intensity of NCs, and this is unfavorable for potential
applications of Ln*"-based NaYF, NCs. In this regard, we
developed a direct one-step solvothermal route to prepare
amine-functionalized NaYF,:Ce/Tb NCs with 2-aminoethyl
dihydrogenphosphate (AEP) as surfactant that anchors on
the surface of the particles and provides a platform for
subsequent conjugation with biomolecules.

In a typical experiment, amine-functionalized NaYF,:Ce/
Tb NCs were synthesized by a facile modified one-step
solvothermal method with AEP as capping agent to control
the growth of NCs and to render them water-soluble and
surface-functionalized.!'” Transmission electron microscopy
(TEM) images showed that the as-prepared NCs are roughly
spherical with a size distribution ranging from 20 to 40 nm
(Figure S1, Supporting Information). Clear lattice fringes
observed in the high-resolution TEM (HRTEM) image
(Figure S1) reveal high crystallinity of the NCs. The distance
of 0.31 nm between adjacent lattice fringes is consistent with
the d spacing for the (111) plane of cubic NaYF,. The powder
XRD pattern of the NCs can be exclusively indexed to pure
cubic phase of NaYF, (JCPDS No. 77-2042) without any other
impurities (Figure S1). Compositional analysis by energy-
dispersive X-ray spectroscopy (EDS) indicated successful
incorporation of Ce*" and Tb*' ions into the NaYF, lattice
(Figure S1). In addition, identification of P and C by EDS
verifies the presence of AEP on the surface of the NCs
(Figure S2). The major stages of weight loss for both the NCs
and pure AEP by thermogravimetric analysis (TGA) are
nearly identical (Figure S3), which provides additional evi-
dence for capping of the NCs by AEP.

The presence of AEP as a surfactant overlayer on the NCs
enables them to be amine-functionalized and readily dis-
persed in water. The NC solution remains stable at room
temperature for more than one month and no precipitate or
aggregate was observed. The surface functional groups of NCs
can be identified by FTIR spectroscopy (Figure S4). A strong
IR band centered at 1635 cm™' was observed for the as-
prepared NaYF, NCs, which is attributed to the N—H
stretching mode of the amino groups of AEP. The free
amino groups on the surface of NCs allow further conjugation
with biomolecules such as biotin, by following the well-
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established EDC/NHS protocol (Scheme 1),° in which
biotin is covalently bound to an amine-functionalized NC
through its carboxy group by using the cross-linking reagent
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Scheme 1. Biotinylation of amine-enriched NCs. EDC = 1-ethyl-3-(3-
dimethlyaminopropyl) carbodiimide, NHS = N-hydroxysuccinimide.

EDC and NHS in phosphate-buffered saline (PBS) solution at
room temperature. In contrast to that of the as-prepared NCs,
the FTIR spectrum of biotinylated NCs (Figure S4) displays a
new peak at 1688 cm™!, ascribed to the stretching vibration of
an amide bond. Moreover, a high-energy vibrational band
centered at 3312 cm™! and two bands centered at 1204 and
1142 cm™" were exclusively observed in biotinylated NCs, and
are assigned to the N—H and C—N stretching vibrations of
biotin, respectively. These findings show unambiguously
successful attachment of biotin to the surface of NCs, which
enables specific binding with proteins such as avidin for
versatile bioapplications.

The optical properties of the as-prepared and biotinylated
NCs in aqueous solutions with the same mass concentration
were systematically investigated at room temperature
(Figure 2). Upon excitation at 290 nm, which corresponds to
the 4f—5d transition of Ce*, both colloidal solutions
exhibited two sets of emissions in the UV and visible regions.
The relatively weak and broad UV emission band from 300 to
400 nm is associated with the 5d—4f transition of Ce**, and
the intense and sharp emission bands centered at 489, 542,
585, and 623 nm are assigned to °D,—'F, (J=6, 5, 4, 3) of
Tb*", which suggests that the intense emissions from Tb*" are
realized via sensitization of Ce**.l”! As shown in the insets of
Figure 2, the as-prepared NC solution exhibits strong green
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Figure 2. Emission spectra for the as-prepared (solid line) and biotin-
ylated (dashed line) NC solutions. The inset on the upper right shows
the corresponding PL decays from *D, of Tb**. The insets on the left
show corresponding PL photographs, taken with an exposure time of
1.0 s, when both samples were irradiated at 290 nm with a 1 mW
Ti:sapphire third-harmonic generation (THG) laser.
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emission, whereas the PL intensity of the biotinylated NC
solution is somewhat lower. The essentially unaltered PL
intensities of both solutions after continuous irradiation by
UV lamp (2-4 % decrease over 2 h; Figure S5) indicate high
photostability of the NC solutions. The quantum yield (QY),
defined as the ratio of the number of emitted photons to the
number of absorbed photons,“‘” was determined to be 56.4
and 28.9% for the as-prepared NCs and their biotinylated
counterparts, respectively. To evaluate potential applications
in TR-FRET detection, we measured the PL lifetimes of the
D, state of Tb** ion in both solutions under excitation at
290 nm by monitoring the characteristic emission at 542 nm.
Both decay curves (inset in Figure 2) fit well to a single-
exponential function, and the PL lifetimes were determined
to be 4.76 and 2.21 ms for the as-prepared and biotinylated
NC solutions, respectively. Evidently, the PL lifetime of Tb*"
in the biotinylated NC solution is noticeably shorter than that
of the as-prepared counterpart. Owing to its long PL lifetime,
the luminescence of Tb*" is expected to be easily distinguish-
able from the undesired short-lived background fluorescence.
The intense emission, high quantum efficiency, and long PL
lifetime for both solutions are closely related to the large
energy gap between °D, and its next lower lying 'F, (/ =3, 4, 5,
6) states of Tb*".I""l The weaker PL intensity, lower quantum
yield, and shorter PL lifetime of NCs after biotinylation may
be due to nonradiative-relaxation-induced PL quenching
associated with the surface high-energy vibronic groups'®!
(N—H and C—N) of biotin, as already revealed in the FTIR
spectra.

To demonstrate the use of biotinylated NCs as biosensors
in quantitative luminescence bioassays, they were used for
detection of traces of avidin, in view of the high affinity
between avidin and biotin (K, =10"m").'” The principle of
TR-FRET detection of avidin by employing biotinylated NCs
as energy donor and fluorescein isothiocyanate (FITC)-
labeled avidin as energy acceptor is illustrated in Scheme 2.
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Scheme 2. TR-FRET detection of avidin by employing biotinylated NCs
as donor and FITC as acceptor.

Excitation of biotinylated NCs triggers energy transfer to
FITC within a given proximity through specific binding
between biotin and avidin, and results in emission from FITC
at its characteristic wavelength. Here FITC was selected as an
energy acceptor to couple with the NC, because it has a broad
excitation peak at 490 nm that matches well with the °D,—"F;
emission band of Tb*" centered at 489 nm (Figure 3a). More
importantly, the short-lived broad-band emission of FITC
arising from direct UV excitation, which partially overlaps
with that of Tb*', can be distinguished easily from the long-
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Figure 3. a) Excitation (dashed line) and emission (solid line) spectra
of biotinylated NCs; excitation (dashed line) and emission (solid line)
spectra of FITC. b) Steady-state and TR-PL (delay time=100 ps, gate
time=1 ms) spectra of a mixture of 0.1 mm biotinylated NCs and

1 um FITC under excitation at 290 nm. In steady-state detection, PL
emissions of FITC and Tb*" can be separated from the spectral
deconvolution. The spectrum within 450-650 nm was best-fitted and
deconvoluted to five Gaussian curves with peaks centered at 489, 520,
542, 585, and 623 nm.

lived emission of Tb*" or apparently long lived emission of
FITC due to FRET by employing TR detection. For example,
the steady-state PL spectrum of a mixture of biotinylated NCs
(0.1 mm) and FITC (1 um) was dominated by the emission of
FITC, and the emission bands from Tb*' were hardly
observed due to interference from the FITC emission band
(Figure 3b). In sharp contrast, only intense emission lines
originating from Tb*" were detected in the TR PL spectra
when the delay time and gate time were set to 100 ps and 1 ms,
respectively (Figure 3b). These results verify that the TR
technique, by utilizing the long-lived luminescence of emit-
ters, is particularly effective in removing undesired short-lived
background fluorescence. The proposed TR-FRET detection
based on Ln*"-doped inorganic NCs brings together the
advantage of very low background of the TR technique and
the convenience of homogeneous assay from FRET.

The process for a homogeneous TR-FRET assay is as
follows: different concentrations of avidin labeled with FITC
were added to the microplate wells, followed by addition to
each well of the same amount of biotinylated NCs dispersed
in buffered solution (pH 7.2). The plate was incubated at
room temperature for 30 min and then subjected to TR-
FRET measurements on a Synergy4 microplate reader
(BioTeK) without any other post-treatment such as centrifu-
gation and washing, which are typical of heterogeneous
assays. As shown in Figure 4a, upon excitation of NCs at
290 nm, the TR-FRET signal represented by a broad emission
band of FITC centered at 520 nm (hereafter referred to as
FITCs,,) is gradually enhanced at the expense of the D, —F
PL emission band of Tb*" centered at 489 nm (hereafter
referred to as Tb,g,) with increasing amount of FITC-labeled
avidin. The concentration of avidin can be quantified by
determining the integrated PL intensity ratio FITCs,/Tbyg
from the observed TR-FRET spectra (Figure S6). As shown
in the measured calibration curve (Figure 4b), the TR-FRET
signal of FITCs,)/Tb,g, increases steadily until the avidin
concentration to be detected approaches a value higher than
400 nm. For comparison, nonbinding control experiments
were performed by employing the as-prepared NCs instead of
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Figure 4. a) TR-FRET spectra of bioassay experiments at different
concentrations of avidin. The delay and gate times were set to 100 ps
and 1 ms, respectively. The spectra were normalized to unity at the
maximum emission peak at 542 nm and each data point represents
the average of triplicate measurements. b) Calibration curve of TR-
FRET detection for the integrated PL intensity ratio FITCs,0/Tb,ge versus
the concentration of avidin. The filled symbols indicate bioassay
experiments in which FITC is FRET-sensitized by NCs through the
avidin-biotin interaction. The open symbols show the control experi-
ments with FITC-labeled avidin and amine-enriched NCs, for which no
binding and hence no FRET occurs. c) Decay curves of °D, of Tb** at
different concentrations of avidin. d) Effective PL lifetime of °D, of
Tb*" as a function of avidin concentration.

the biotinylated NCs as bioprobes under otherwise identical
conditions. The specific interaction between biotin and avidin
plays a key role to ensure proximity between the acceptor and
the donor. Non-biotinylated NCs and FITC are far apart in
solution, and thus no FRET occurred in the control experi-
ments (Figure S7). As a result, the TR-FRET signals
observed in the control experiments remain very low for
avidin concentrations from a few nm to 400 nm (Figure 4b).
The limit of detection (LOD), defined as the concentration
that corresponds to three times the standard deviation above
the signal measured in the control experiment,® is 4.8 nm. So
far, no LOD of TR-FRET biodetection based on Ln*-doped
inorganic NCs is available in the literature. However, our
LOD is comparable to previous results based on UC-FRET
employing Y,0,S:E1/Yb phosphors as donor and fluorescent
phycobiliprotein as acceptor (0.7-9.0 nm).[*!

The resonance energy transfer process is further con-
firmed by PL decay measurements. The FRET-induced PL
decay of FITC in the tail (>0.05ms) was observed to be
markedly prolonged to hundreds of microseconds with
increasing concentration of FITC-labeled avidin because of
the slow population of its excited state from the long-lived
Tb*" excited state (Figure S8). Consistently, the decay curve
of the °D, state of Tb*" involved in FRET deviated more
seriously from single-exponential form with increasing avidin
concentration (Figure 4c). This is because the Tb* ions
located at or near the surface of the NCs play a more
important role than those inside the NCs in the FRET
process. Similar PL decays of the Tb** donor in LaPO, NCs
were observed by Gu et al.’* Note that Gu et al. reported
only the decrease in PL lifetime of the donor to characterize
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the FRET process, because a quencher-like Au acceptor was
used, and no demonstration of TR-FRET biodetection was
achieved. By contrast, PL lifetime lengthening of the acceptor
and lifetime shortening of the donor were consistently
observed in our work, and unambiguously support the
occurrenge of FRET. An effective PL lifetime 7.4, defined
as (1/1,) [ I(r)dt, is adopted to characterize the nonexponen-
tial PL décays of Tb>*.') As shown in Figure 4d, the 7., value
is significantly reduced from 2.2 to 0.7 ms with increasing
concentration from 5 to 500 nMm and tends to be constant at
higher concentration above 400 nMm. The evolution of 7. as a
function of avidin concentration resembles the calibration
curve of TR-FRET (FITCs,/Tb,g), as revealed from the
similarity between Figure 4b and d. Therefore, the PL
lifetime of the energy donor, which is hardly affected by
environmental factors such as re-absorption and the concen-
tration of NCs, may provide another important parameter
other than the PL intensity to measure the energy-transfer
efficiency in TR-FRET bioassays.

In summary, we have synthesized water-soluble, amine-
functionalized cubic NaYF,:Ce/Tb NCs by a modified one-
step solvothermal route by employing AEP as surfactant and
capping agent. The NC solution exhibited intense PL
emission and long PL lifetime (a few milliseconds), which
thus allows one to completely eliminate the interference of
short-lived background fluorescence by means of TR detec-
tion. The biotinylated NCs were used as efficient TR-FRET
probes to detect trace amounts of avidin in a typical avidin—
biotin model system with a detection limit of about 5 nm. As a
new type of TR-FRET bioprobe, Ln*"-based inorganic NCs
have desirable advantages such as low cost, excellent water
dispersibility and photostability, absence of autofluorescence,
and low detection limit, and thus may have great potential for
versatile applications in time-resolved biodetection and bio-
imaging.
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