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Resonance Energy Transfer Immunoassay Using Terbium
Complexes as Donors and Quantum Dots as Acceptors
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CdSe/ZnS core/shell quantum dots (QDs) are used as efficient Förster Resonance Energy Transfer (FRET) acceptors in a time-
resolved immunoassays with Tb complexes as donors providing a long-lived luminescence decay. A detailed decay time analysis
of the FRET process is presented. QD FRET sensitization is evidenced by a more than 1000-fold increase of the QD luminescence
decay time reaching ca. 0.5 milliseconds, the same value to which the Tb donor decay time is quenched due to FRET to the QD
acceptors. The FRET system has an extremely large Förster radius of approx. 100 Å and more than 70% FRET efficiency with a
mean donor-acceptor distance of ca. 84 Å, confirming the applied biotin-streptavidin binding system. Time-resolved measurement
allows for suppression of short-lived emission due to background fluorescence and directly excited QDs. By this means a detection
limit of 18 attomol QDs within the immunoassay is accomplished, an improvement of more than two orders of magnitude com-
pared to commercial systems.

Copyright © 2007 Niko Hildebrandt et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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1. INTRODUCTION

CdSe/ZnS semiconductor nanocrystals or quantum dots
(QDs) possess unrivalled photophysical properties, such as
size tunable emission wavelengths, extremely high extinc-
tion coefficients over a broad absorption spectrum and en-
hanced photostability compared to organic fluorophores [1–
4]. Moreover, several concepts have been introduced in or-
der to develop water soluble and biocompatible QDs [5–9].
Homogeneous Förster resonance energy transfer (FRET) im-
munoassays with QDs as energy acceptors are of particular
interest because of the extremely high-extinction coefficients
of the QDs over a broad absorption spectrum. This special
optical property gives rise to large Förster radii leading to ef-
ficient FRET over long distances [10–12]. However, the use
of QDs as FRET acceptors with organic dye donors is prob-
lematic, probably due to the short-lived emission of these
donors, hence FRET could not be shown for these donor-

acceptor pairs [13]. Only very few publications deal with
QDs as acceptors within the biological context, for example,
by using bioluminescence energy transfer [14, 15], or with
FRET donors of Tb and Eu complexes [16, 17]. In this con-
tribution, we extend these investigations by a thorough anal-
ysis of donor and acceptor luminescence decay times, which
are important parameters for understanding the dynamic pa-
rameters of the FRET process [11, 18]. Within a fluoroim-
munoassay of a Tb complex streptavidin conjugate and bi-
otinylated QDs, the sensitized QD acceptor as well as the Tb
donor should change their luminescence decay times once
they are brought to close proximity by the biotin-streptavidin
binding process. For both QD as well as Tb luminescence de-
cay times, we provide further evidence of efficient QD sensi-
tization by FRET from Tb. Previously reported large Förster
radii, the high FRET efficiency, and the assumed biotin-
streptavidin binding model are confirmed. Moreover, taking
advantage of the time-resolved measurement for suppressing
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the short-lived background emission and QD fluorescence
(from directly excited QDs), and optimizing laser excitation
(new laser system with low background emission) and sol-
vent conditions (azide-free solvent leading to decreased lu-
minescence quenching of Tb), a very low detection limit
is obtained. This means that a sensitivity improvement of
more than two orders of magnitude is accomplished, taking
the well established and extensively studied Eu-TBP (Eu3+-
tris(bypyridine) and APC (allophycocyanin) donor-acceptor
system [19–21], used within the same streptavidin-biotin as-
say format, for comparison. The presented results demon-
strate the great potential of the Tb to QD FRET system for
highly sensitive homogeneous immunoassays for biological
as well as clinical and medical applications.

2. MATERIALS AND METHODS

2.1. FRET donors and acceptors

The FRET donors are conjugates of the tetrameric protein
streptavidin (Strep) labeled with Tb complexes (TbL), pro-
duced as described in the literature [17, 22]. A labeling ratio
of (10 ± 1) TbL per Strep was determined by UV-Vis absorp-
tion spectroscopy [22].

The FRET acceptors are commercially available biotiny-
lated CdSe/ZnS core/shell quantum dot nanocrystals emit-
ting at 655 nm (Biot-QD) purchased from Invitrogen Cor-
poration (Carlsbad, Calif, USA). A ratio of ca. 6 biotin
molecules per QD is specified by the supplier.

Strep has a very high binding affinity towards biotin with
a first dissociation constant of the complex of 10−13 M [23].
The biological FRET system is obtained by the strong recog-
nition process between biotin and streptavidin leading to a
close proximity of donor and acceptor.

2.2. Fluoroimmunoassay

The fluoroimmunoassay (FIA) was performed by adding in-
creasing amounts (0–150 μl) of Biot-QD stock solution (con-
centration c = 1·10−9 M) to a stock of 1·10−9 M TbL-Strep
(150–0 μl) leading to a total assay volume of 150 μl for each
TbL-Strep + Biot-QD mixture. The used solvent was 50 mM
borate buffer (pH 8.3) with 2% bovine serum albumin (BSA)
and 0.5 M potassium fluoride (KF).

The assay was excited at 315 nm by a Nd:YAG-OPO laser
system (Nd:YAG-Laser: Spectra-Physics, Mountain View,
Calif, USA; OPO: GWU-Lasertechnik, Erftstadt, Germany)
working at 20 Hz repetition rate, with an average pulse en-
ergy of ca. 15 μJ, fibre coupled to the fluoroimmunoreader.

The reader system is a commercially available Kryp-
tor immunoreader (Cezanne, Nı̂mes, France) modified for
315 nm excitation wavelength. Luminescence intensities were
collected at (665± 5) nm (channel A – QD emission) and at
(545 ± 5) nm (channel B – Tb emission). Time-resolved de-
tection is performed by single photon counting with 2 mi-
croseconds integration steps over 8 milliseconds using one
photon multiplier tube (PMT) for each channel [22].

2.3. Time-resolved FRET calculations

Luminescence decay curves for the different mixtures of TbL-
Strep + Biot-QD are collected for both QD (channel A) and
Tb (channel B) luminescence.

The time-dependent luminescence intensity in channel A
(IA(t)) is the sum of a background emission (due to directly
excited QDs (I(BgQD)), a weak Tb emission (I(BgTb)) oc-
curing from the 5D4→7F2−0 transitions) and the QD emis-
sion arising from Tb to QD energy transfer given by FRET
theory [11]:

IA(t) = a·I(BgQD) + b·I(BgTb)

+ c·exp
[
− t

τD
− t

τD
·
(
R0

r

)6]
,

(1)

where τD is the Tb luminescence decay time of pure TbL-
Strep (absence of the QD acceptor), R0 is the Förster radius of
the donor-acceptor pair, c is the amount of transfered energy
or FRET intensity, and r is the average donor-acceptor dis-
tance. For the decay curves obtained from our experiments,
I(BgQD) is the time-dependent luminescence intensity of
0.1 nM pure Biot-QD in channel A, I(BgTb) is the time-
dependent luminescence intensity of 1 nM pure TbL-Strep
in channel A, and a and b are correction factors depending
on the actual concentration of Biot-QD and TbL-Strep (in-
cluding donor emission decrease due to FRET) within the
different mixtures.

The two variable parameters r and c are fitted (using the
Microsoft Excel Solver option) so that (1) fits the respective
decay function of each TbL-Strep + Biot-QD mixture. This
means that the donor-acceptor distance r and the FRET in-
tensity c are determined. Assuming that the luminescence de-
cay time of pure QDs is very fast compared to the decay time
of the pure Tb donor, the luminescence decay time of QDs
upon FRET sensitization (τAD) is the same as the Tb decay
time in presence of QD (τDA) [24]. τAD and τDA can be cal-
culated using:

1
τAD

= 1
τDA

= 1
τD

+
1
τD
·
(
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r

)6

. (2)

In order to verify the fitting procedure used for chan-
nel A (QD emission channel), a different method was used
for channel B, where a simple bi-exponential fit (using the
Origin fit procedure) is performed without using any fixed
parameters. The luminescence decay in this channel (Tb
emission channel) is determined by τD (no FRET) and τDA

(FRET). QD luminescence does not occur in this channel.
The time-dependent luminescence intensity in channel B is
given by:

IB(t) = I0 + x· exp
[
− t

τD

]
+ y· exp

[
− t

τDA

]
, (3)

where I0 is an intensity offset and:
∫ ∞

0
x· exp

[
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]
dt = x·τD,

∫ ∞

0
y· exp
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]
dt = y·τDA

(4)
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represent the dimensionless luminescence intensities of Tb
in absence and presence of QD, respectively. In this case, the
FRET intensity can be described by y·τDA (increasing with
Biot-QD addition) or by x·τD (decreasing with Biot-QD ad-
dition).

2.4. Immunoassay detection limit

For calculation of the limit of detection (LOD) for Biot-QD
in this type of FIA, the luminescence intensity ratio (RI) of
channel A and channel B integrated from 0.1 to 1.2 millisec-
onds after the excitation laser pulse (time gating) was used:

RI =
∫ 1.2ms

0.1msIA(t)dt∫ 1.2ms
0.1msIB(t)dt

. (5)

RI is displayed as a function of Biot-QD concentration
for the different mixtures of TbL-Strep + Biot-QD within the
FIA. The linear part of the rising RI over [Biot-QD] is then
used to calculate the LOD by three times the standard devi-
ation of 12 RI values at [Biot-QD] = 0 (σ0) devided by the
slope of RI over [Biot-QD]:

LOD = 3·σ0·Δ[Biot-QD]
ΔRI

. (6)

3. RESULTS AND DISCUSSION

3.1. Luminescence decay time analysis

Besides the pure TbL-Strep stock solution (c = 1·10−9 M)
and two pure Biot-QD solutions (c = 1·10−9 M and c =
1·10−10 M), 13 mixtures of TbL-Strep + Biot-QD with ratios
ranging 0.007–2.0 Biot-QD per TbL-Strep were measured.
Figures 1 and 2 show some representative luminescence as
well as QD background decay curves for the two detection
channels.

Regarding the increasing QD emission in channel A
(Figure 1), FRET sensitization of QDs by Tb becomes already
obvious for low ratios of Biot-QD/TbL-Strep, whereas the
QD emission decreases again for ratios higher than 0.5 due
to the decreasing TbL-Strep donor concentration with Biot-
QD addition (cf. Section 2).

Higher amounts of Biot-QD are necessary for a clearly
visible FRET influence in the Tb channel B (Figure 2). There
are two reasons for this behavior, the high labeling ratio of
10 TbL per Strep, and the binding of up to six TbL-Strep per
Biot-QD, as suggested in previous publications [16, 17, 22].
This means that Biot-QD is saturated with TbL-Strep for low
ratios and there is still a majority of free TbL-Strep in solu-
tion. Hence, the influence on QD emission is strong whereas
it is negligible for Tb. At higher amounts of Biot-QD in the
assay, Tb emission is quenched due to FRET and a second
decay time becomes obvious in the decay curves.

In order to perform time-resolved FRET calculations us-
ing (1), the Förster radius R0 (in Å) has to be determined by
[11]:

R6
0 = 8.79·10−5·n−4

r ·ΦTb·κ2·J(λ) (7)

0 1 2 3

t (ms)

10

100

1000

10000

I A
(t

)
(c

ou
n

ts
)

Pure TbL-Strep
Pure Biot-QD
0.007
0.027

0.056
0.5
1.143
2

Figure 1: Luminescence decay curves for pure TbL-Strep (c =
1·10−9 M) and mixtures of TbL-Strep + Biot-QD with ratios be-
tween 0.007 and 2.0 Biot-QD per TbL-Strep measured in channel
A ((665 ± 5) nm). A background decay curve of pure Biot-QD (c
= 1·10−10 M) arising from a strong detector saturation of short-
lived directly excited QD fluorescence is also displayed. Fits accord-
ing to (1) displayed as thick solid lines.
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Figure 2: Luminescence and background decay curves (for descrip-
tion, see Figure 1) measured in channel B ((545± 5) nm).

with:

J(λ) =
∫
FTb(λ)·εQD(λ)·λ4dλ, (8)

where nr is the refractive index of the surrounding medium
(1.4 for aqueous media [11]), ΦTb is the Tb centered lumi-
nescence quantum yield [25], κ2 is the dipole orientation fac-
tor (2/3 for randomly oriented systems in solution [11, 25]),
J(λ) is the overlap integral in M−1 cm−1 nm4, FTb is the nor-
malized TbL-Strep luminescence spectrum in nm−1 (with



4 Journal of Biomedicine and Biotechnology

500 550 600 650 700

λ (nm)

0

0.02

0.04

0.06

F
T

b
(n

m
−1

)

0

1

2

3

×106

ε
(M

−1
cm

−1
)

Figure 3: Normalized emission spectrum of TbL-Strep (green) and
extinction coefficient spectrum of Biot-QD (red).

∫
FTb(λ)dλ = 1), and εQD(λ) is the Biot-QD extinction coef-

ficient spectrum in M−1 cm−1. Taking the luminescence de-
cay time (τ0 = 1.48 ms) and the quantum yield (Φ0

Tb = 0.49)
of TbL in pure water [26] and the Tb luminescence decay
time of pure TbL-Strep within the assay (τD = 1.83 millisec-
onds), a value of ΦTb = 0.61 can be calculated by [17, 22]:

ΦTb = Φ0
Tb·

τD

τ0
. (9)

Regarding the TbL-Strep luminescence spectrum and the
Biot-QD extinction coefficient spectrum in Figure 3, the very
good overlap becomes obvious, resulting in an extremely
large Förster radius of R0 = (100± 2) Å.

Taking this value for fitting r and c in (1) for each lumi-
nescence decay (measured in channel A) of the different TbL-
Strep + Biot-QD mixtures leads to a mean donor-acceptor
distance of r = (84± 1) Å (in good agreement with the pro-
posed TbL-Strep + Biot-QD binding model [16, 17, 22]) and
an average FRET sensitized QD luminescence decay time of
τAD = (0.47 ± 0.03) milliseconds, which is an increase of
more than three orders of magnitude compared to the lu-
minescence decay times of pure Biot-QD, which are in the
100-nanosecond range [16, 17].

These values lead to a FRET efficiency of (74 ± 6)% cal-
culated by [11]:

ηFRET =
R6

0

R6
0 + r6

= 1− τAD

τD
. (10)

The calculations of τAD and r could be confirmed
(Figure 4) by fitting the luminescence decay curves of chan-
nel B using (3). Values of τDA = (0.46 ± 0.07) milliseconds
and r = (83± 3) Å are obtained.

As mentioned above, the influence of FRET on the emis-
sion signal in channel B starts at higher Biot-QD/TbL-Strep
ratios. Hence, only decay curves for ratios above 0.04 are
taken into account for the calculations.
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Figure 4: Luminescence decay times of Tb and QDs (τDA) due to
QD FRET sensitization by Tb and donor-acceptor distances (r) cal-
culated from luminescence decay curves of channel A (black dots)
and channel B (red triangles), respectively. The dashed lines repre-
sent mean values of τDA and r.

Regarding the r−6 dependence of FRET, it can be assumed
that mainly donors which are close to the QD acceptor con-
tribute to the measured FRET signals. As the QD lumines-
cence decay is several orders of magnitude faster than the one
of TbL, absorption saturation by direct QD excitation is neg-
ligible and a single QD acceptor can interact with several TbL
donors. This does not influence the FRET efficiency but lead
to a higher FRET signal intensity which has positive impact
on assay sensitivity. Nevertheless, due to the distribution of
several TbL donors labeled to streptavidin, τAD, r and ηFRET
are average values.

Further evidence of FRET from Tb to QD is given by
the FRET intensities (c from (1) and x·τD as well as y·τDA

from (3)) obtained from fitting the decays of channel A and
B. In order to compare the FRET intensities arising from
the different signals, they were normalized to unity at a
Biot-QD/TbL-Strep ratio of 0.25 and the decreasing (FRET
quenched) donor intensity (x·τD) was subtracted from the
concentration-dependent pure TbL-Strep donor signal (Tb
signal in absence of QD). Figure 5 shows the very good cor-
relation of the FRET intensities calculated from the three dif-
ferent signals.

A strong increase is first observed, up to the saturation of
the six biotins on the QD surface by TbL-Strep and is fol-
lowed by a decrease due to the reduced donor concentra-
tion in the assay volume. This confirms the strong increase
of FRET up to a ratio of 1/6 Biot-QD/TbL-Strep and the
proposed TbL-Strep + Biot-QD binding model [16, 17, 22].
Moreover, it shows that large QD aggregates bridged by TbL-
Strep are not formed at these low concentrations, as it would
result in a signal increase up to much higher Biot-QD/TbL-
Strep, regarding the number of ten Tb donors per Strep.

For understanding the dynamic parameters of FRET, in-
vestigation of luminescence decay times is of great impor-
tance. This luminescence decay time analysis over a broad
range of Biot-QD/TbL-Strep ratio gives clear evidence of
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Figure 5: Normalized FRET intensities calculated with (1) and (3)
from sensitized QD emission (red circles), short-lived Tb emission
due to FRET quenching (black squares), and long-lived Tb emis-
sion of unquenched Tb (green triangles). The dotted line indicates
a ratio of 6 TbL-Strep per Biot-QD.
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Figure 6: Intensity ratio RI (cf. (5)) over Biot-QD concentration for
the TbL-Strep + Biot-QD immunoassay after 8 hours incubation.
Linear fit for LOD calculation shown as solid line.

FRET from Tb to QD within the homogeneous streptavidin-
biotin immunoassay and confirms the results accomplished
with time-gated emission intensity detection in earlier pub-
lications [16, 17, 22].

3.2. Immunoassay sensitivity

In order to evaluate the sensitivity of the assay, RI (cf. (5)) is
displayed over Biot-QD concentration and the LOD is deter-
mined from the linear part of the rising RI calibration curve
obtained from the different TbL-Strep + Biot-QD mixtures
(Figure 6).

The RI function shows excellent linearity up to a con-
centration of ca. 2·10−10 M Biot-QD. The zero concentration
standard deviation has a value of σ0 = 0.00013 which leads to
an LOD of 0.12 pM Biot-QD (18 attomol of Biot-QD within

the 150 μl assay volume) taking the slope of the linear fit in
Figure 6.

Comparing this detection limit to earlier results using the
same assay with azide containing solutions displays an im-
provement of one order of magnitude and an LOD decrease
of more than two orders of magnitude compared to the ho-
mogeneous FRET FIA “gold standard” donor-acceptor pair
of Eu-TBP and APC [21] using the same streptavidin-biotin
assay [17].

These results underline the very high sensitivity of the Tb
to QD FRET system to be used as powerful tool in biomedical
analysis, with the possibility of applications in long-distance
biological measurements, for example, in high throughput
screening for in vitro diagnostics. However, it has to be taken
into account that real-life immunoassays can be compli-
cated biological systems and intensive optimization of an-
tibody labeling and measuring conditions is required. First
results with good evidence for FRET in a human chorionic
gonadotropin (HCG) assay (e.g., applied as pregnancy test)
demonstrate the feasibility [22]. In order to achieve the de-
tection limits demonstrated here, these real-life assays are
currently under investigation for further optimization.
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