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ABSTRACT

Specific binding of biotinilated bovine serum albumin (bBSA) and tetramethylrhodamine-labeled streptavidin (SAv−TMR) was observed by
conjugating bBSA to CdSe−ZnS core−shell quantum dots (QDs) and observing enhanced TMR fluorescence caused by fluorescence resonance
energy transfer (FRET) from the QD donors to the TMR acceptors. Because of the broad absorption spectrum of the QDs, efficient donor
excitation could occur at a wavelength that was well resolved from the absorption spectrum of the acceptor, thereby minimizing direct acceptor
excitation. Appreciable overlap of the donor emission and acceptor absorption spectra was achieved by size-tuning the QD emission spectrum
into resonance with the acceptor absorption spectrum, and cross-talk between the donor and acceptor emission was minimized because of
the narrow, symmetrically shaped QD emission spectrum. Evidence for an additional, nonspecific QD−TMR energy transfer mechanism that
caused quenching of the QD emission without a corresponding TMR fluorescence enhancement was also observed.

Fluorescence resonance energy transfer (FRET) is a process
whereby the electronic excitation energy of a donor chro-
mophore is nonradiatively transferred to a nearby acceptor
molecule via a through-space dipole-dipole interaction
between the donor-acceptor pair.1-5 FRET occurs when
there is appreciable overlap between the emission spectrum
of the donor and the absorption spectrum of the acceptor.
The strong distance dependence of the FRET efficiency has
been widely exploited in studying the structure and dynamics
of proteins and nucleic acids, in the detection and visualiza-
tion of intermolecular association, and in the development
of intermolecular binding assays.6 FRET-based studies
involving pairs of organic dye molecules as the donor-
acceptor complexes are often limited by cross-talk caused
by spectral overlap of the donor and acceptor emission. The
need for significant overlap between the emission and
absorption spectra of the donor and acceptor, coupled with
the narrow absorption spectrum of conventional organic dye
molecules, makes it difficult to avoid direct excitation of
the acceptor molecules at the excitation wavelength needed
to efficiently excite the donor. In addition, the broad emission
spectrum of the donor, with its long red tail, can often overlap
significantly with the emission spectrum of the acceptor.
Several recent reports have confirmed that luminescent
semiconductor quantum dots (QDs), such as CdSe and CdTe,
are able to participate in resonance energy transfer processes
analogous to FRET,7-10 which makes these materials good

candidates to overcome some of the limitations associated
with conventional organic dye molecules in FRET-based
studies of biomolecular structure, ligand-receptor binding,
etc.

Semiconductor QDs are currently being investigated for
their use as luminescent biological probes because of their
high photostability relative to organic dye molecules and their
unique, size tunable spectral properties.11-14 QDs possessing
high luminescence quantum yields under ambient conditions
(i.e., CdSe-ZnS core-shell QDs) are normally used for such
applications, enabling the use of ultrasensitive detection
methods with sensitivity down to the single molecule limit.
Our goal is to exploit the unique spectral properties of these
materials in the design of FRET-based studies that can
overcome some of the problems encountered when pairs of
organic dye molecules are used as the donor-acceptor
complexes. Initially, we plan to develop ligand-receptor
assays in the solution phase, wherein intermolecular binding
is observed via FRET between a QD donor attached to one
of the binding partners and an organic acceptor dye attached
to the other partner. Our motivation for doing this is
severalfold. (1) Because of the broad absorption spectra of
semiconductor QDs, there is great flexibility in the selection
of the donor excitation wavelength. Efficient excitation of
the donor can thus occur at a wavelength where direct
excitation of the acceptor is minimal, which will reduce
cross-talk between the donor and acceptor emission spectra.
(2) Binding assays can be designed in which there is an
extremely large red shift of the acceptor emission spectrum
relative to the excitation wavelength of the donor. This will
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versität Tübingen, 72076 Tu¨bingen, Germany.

NANO
LETTERS

2001
Vol. 1, No. 9

469-474

10.1021/nl015565n CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/02/2001

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 6

, 2
00

9
Pu

bl
is

he
d 

on
 A

ug
us

t 2
, 2

00
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
nl

01
55

65
n



potentially enable higher sensitivity detection in complex
media, such as blood or tissue, than would be possible via
conventional FRET. Most of the background interference in
such media is caused by scattered light and autofluorescence,
which mainly occurs near the excitation wavelength and will
thus be well resolved from the acceptor emission. By
monitoring only the enhanced fluorescence of the acceptor,
we anticipate that it will be possible to detect ligand-receptor
binding in homogeneous assays with greater sensitivity and
simplicity than conventional assays that are used to perform
chemical analysis in such media. (3) Semiconductor QDs
possess narrower emission spectra than conventional organic
dye molecules, and their emission spectra do not tail-off to
the red, which minimizes the spectral overlap of the donor
and acceptor emission spectra and further reduces cross talk.
(4) The emission spectra of semiconductor QDs are readily
size tunable. This will enable tuning the emission spectrum
of the donor into resonance with the absorption spectrum of
the acceptor to enhance the energy transfer efficiency and
optimizing the spectral resolution of the donor and acceptor
emission. By varying the size and/or composition of the
material, semiconductor QDs can be prepared with emission
spectra at any visible wavelength, which will enable the
custom synthesis of an efficient energy transfer donor for
any visible absorbing chromophore.

This letter presents the first step toward accomplishing
the goals outlined above. We demonstrate a biotin-strepta-
vidin binding assay wherein specific binding of tetrameth-
ylrhodamine-labeled streptavidin (SAv-TMR, 4.1:1 TMR:
SAv ratio, Molecular Probes) to biotinilated bovine serum
albumin (bBSA, 9:1 biotin:BSA ratio, Sigma) conjugated to
CdSe-ZnS core-shell QDs (QD-bBSA) is observed via
enhancement of the TMR fluorescence due to QD-TMR
FRET (Figure 1). Preparation of the binding assay involved
synthesis of CdSe-ZnS core-shell QDs, extraction of the
QDs into aqueous solution, conjugating the QDs to bBSA,
and reacting the QD-bBSA complexes with varying con-
centrations of SAv-TMR. Trioctylphosphine/trioctylphos-
phine oxide (TOP/TOPO) capped CdSe-ZnS QDs with a
core diameter of 3.1 nm were prepared in our laboratory
using established synthetic methods.15-17 The core diameters
were determined from the correspondence of the absorption
spectrum with the particle diameter.15 QD solution concen-
trations were estimated from the absorption spectra using
the molar absorptivity at the first absorption maximum for
QDs of this size reported by Schmelz et al. (∼1 × 105 M-1

cm-1).18 A luminescence quantum yield of∼40% was

measured for these QDs by comparison with the fluorescence
emission of Rhodamine 6G (R6G).19

Water soluble QDs were prepared by diluting∼100 µL
of ∼1 mM TOP/TOPO-capped QD/hexane solution in∼1
mL of n-butanol; precipitating the QDs by addition of
methanol; centrifuging, washing, and redissolving the pre-
cipitate in∼2 mL of chloroform; and then reacting the QDs
with ∼150 µL of mercaptoacetic acid for at least 2 h.
Exchange of the TOP/TOPO capping groups with mercap-
toacetic acid caused the QDs to precipitate out of the solution.
The resulting precipitate was centrifuged, washed, suspended
in ∼2 mL of 1 mM phosphate buffered saline solution (PBS,
pH 8) and then dissolved by dropwise addition of concen-
trated NaOH. After the QDs were reprecipitated with acetone,
centrifuged, and washed, they were able to dissolve in PBS
buffer. The mercaptoacetic acid capped QDs were stable in
aqueous buffer for up to 3 days, after which the QDs
precipitated out of solution. Preparation of the QD-bBSA
complex was accomplished by, first, treating the bBSA with
2-iminothiolane in PBS buffer to introduce sulfhydril residues
onto the proteins at a sulfydril:protein ratio of∼20:1.20 The
favorable interaction between the thiol groups attached to
the proteins and the QD surface enhanced the binding affinity
of the QD-protein complex in a manner similar to that
described by Mitchell et al. in the reaction of thiol-terminated
DNA with mercaptopropionic acid-capped CdSe-ZnS QDs.21

Evidence for this comes from the large enhancement of the
QD luminescence observed following the reaction with
thiolated bBSA compared to the uncomplexed QDs in
aqueous solution (Figure 2). Dissolving the QDs in buffer
resulted in a∼4-fold reduction in the luminescence quantum
yield relative to that observed for the TOP/TOPO-capped
QDs in organic solvent. The quantum yield returned to its
original value of∼40% after formation of the QD-bBSA
complex. By contrast, reaction of QDs with unthiolated
bBSA resulted in a much smaller enhancement in the
quantum yield (Figure 2), possibly due to nonspecific
adsorption of the bBSA molecules to the QD surface. Such
enhancements in the QD luminescence upon formation of

Figure 1. Schematic of the FRET binding assay. For clarity, only
one protein complex is shown.

Figure 2. Emission spectra observed from∼15 nM mercaptoacetic
acid-capped CdSe-ZnS QDs,∼15 nM/∼70 nM QDs/unthiolated
bBSA, and∼15 nM/∼70 nM QDs/thiolated bBSA. All solutions
were prepared in 1 mM PBS buffer (pH 8). The excitation
wavelength was 400 nm.
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QD-protein conjugates have been observed previously and
attributed to alteration of the environment polarity of the
CdSe core due to surface charge neutralization.13 Once
formed, the QD-bBSA conjugates were stable in solution
for a period of several weeks, although all of the experiments
described herein were carried out within 2-3 days of
formation of the conjugates.

The concentrations of QD and bBSA in the reaction
mixture were determined by UV/vis spectrophotometry to
be ∼2 and∼70 µM, respectively,22 implying an excess of
unconjugated bBSA. We were able to lower the concentration
of unconjugated bBSA by filtration through a 100 kD
molecular weight cutoff spin column (Micron YM-100,
Millipore Corp.). Unbound bBSA (MW 68 kD) was detected
in the solution that passed through this column, but QDs
were not, which suggests that most of the QDs in this sample
were conjugated to at least two bBSA molecules. Further
attempts to lower the bBSA concentration by this filtration
method were unsuccessful, most likely due to the presence
of unconjugated bBSA complexes that were too large to pass
through the spin column. After diluting the solution that
remained on the column to 1 mL, the final QD and bBSA
concentrations were found to be∼2 and∼30 µM, respec-
tively. At this time, we are unable to determine the exact
stoichiometry of the QD-bBSA complexes formed. A rough
calculation of the maximum number of bBSA molecules that
could be packed around a spherical QD of this size gives
∼11 bBSA molecules per QD,23 which indicates that at least
a third of the bBSA molecules still present were unconju-
gated. For the purposes of this calculation, bBSA was
considered to be a hard sphere of radius 50 Å. BSA is
actually an ellipsoidal-shaped molecule with unit cell dimen-
sions of 60× 60× 100 Å3,24 which subjects this calculation
to error. It is most likely the case that there is a distribution
of QD-bBSA complexes, and so an even larger excess of
unconjugated bBSA cannot be ruled out. We also cannot
rule out the presence of QD-bBSA complexes that contain
more than one QD, although extensive aggregation of the
QDs would be inconsistent with the observed enhancement
of the QD luminescence upon formation of the complexes.
As will become apparent below, the uncertainties noted here
do not materially detract from the main objective of this
report, which is to demonstrate QD-dye FRET due to a
specific biomolecular interaction.

Figure 3 displays absorption and emission spectra obtained
from pure solutions of the QD-bBSA and SAv-TMR
samples used in these experiments. The QD size was chosen
so as to maximize the spectral overlap of the donor-acceptor
emission and absorption spectra while still maintaining good
spectral resolution of the donor and acceptor emission. The
FRET efficiency of a donor-acceptor pair is characterized
by the Förster radius,R0, which is defined as the donor-
acceptor distance corresponding to 50% efficiency. Calcula-
tion of the donor-acceptor emission-absorption spectral
overlap, and knowledge of the photophysical properties of
the QDs and TMR molecules, lead to anR0 value of 54 Å
for this donor-acceptor pair.25 This is comparable to the
highestR0 values obtained for the most commonly used

organic dye pairs in FRET applications.3,4 For example,R0

values for the widely used fluorescein-TMR pair are
normally reported to be in the range 49-55 Å.3,4 We
anticipate that it will be possible to further enhance the FRET
efficiencies in such QD-dye systems by fine-tuning the size,
size distribution, and luminescence quantum yields of the
QDs and/or by choosing donor dyes with larger absorption
cross sections and/or Stokes shifts.

Binding assays were prepared by reacting 15µL aliquots
of QD-bBSA in PBS buffer with 2-20µL of 16 µM SAv-
TMR in pH 8 buffer. After∼5-min of incubation time, the
reaction mixtures were diluted to 2 mL in PBS buffer, and
the resulting solutions were placed in 1 cm path length quartz
cuvettes. The final concentrations of the QD-bBSA and
SAv-TMR were ∼15 nM and 16-160 nM, respectively.
Figure 4 displays the emission spectra observed for these
samples. Emission spectra obtained from pure solutions of
∼15 nM QD-bBSA and 160 nM SAv-TMR are also shown
for comparison. An excitation wavelength of 400 nm was
used for all samples. At this wavelength, QD excitation
occurs with high efficiency, while direct TMR excitation is
minimal (see Figure 3). The strong enhancement in the TMR
fluorescence observed for the QD-bBSA/SAv-TMR solu-
tions is consistent with QD-TMR FRET due to specific
binding of SAv-TMR and QD-bBSA. To confirm this, we
repeated the assay using QD bioconjugates formed from
nonbiotinilated BSA (QD-BSA). Figure 5 displays the
emission spectrum observed from a sample containing∼15
nM QD-BSA and 120 nM SAv-TMR. Also shown are the
spectra from pure solutions of∼15 nM QD-BSA and 120
nM SAv-TMR and an “extracted” SAv-TMR spectrum.
The latter was obtained by fitting the region of the QD
emission to a pure QD spectrum and then subtracting the
fitted spectrum from the entire QD-BSA/SAv-TMR spec-
trum. Comparison of the extracted spectrum with that of the
120 nM SAv-TMR solution revealed that∼90% of the
emission observed in the spectral region corresponding to
TMR fluorescence is due to direct excitation of TMR. The

Figure 3. Normalized absorption and emission spectra observed
from pure solutions of CdSe-ZnS QDs conjugated to bBSA and
SAv-TMR. Solutions were prepared in 1 mM PBS buffer. The
QD absorption spectrum is consistent with a CdSe core diameter
of 3.1 nm, and the fwhm spectral width of the QD emission (35
nm) is indicative of a∼10% size distribution.

Nano Lett., Vol. 1, No. 9, 2001 471
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∼10% enhancement in the TMR fluorescence is possibly
due to QD-TMR FRET caused by a small amount of
nonspecific adsorption of SAv-TMR molecules onto the
QDs. However, this should be compared to the 4-fold
enhancement in the TMR fluorescence observed for the∼15
nM/120 nM QD-bBSA/SAv-TMR solution, which con-
firms that the enhanced fluorescence in this solution is due
to QD-TMR FRET caused predominantly by specific
biotin-SAv binding. The enhanced TMR fluorescence,
obtained by extracting the SAv-TMR spectra as described
above and correcting for direct TMR excitation and back-

ground contributions, is plotted as a function of the SAv-
TMR concentration in the inset to Figure 4. Since we are
interested in designing binding assays that monitor the
enhanced fluorescence of the acceptor, the sharp rise in the
enhanced TMR fluorescence with concentration is encourag-
ing. However, it should be noted that, at present, we are
unable to predict the binding affinity of the complexes from
these data because the exact stoichiometry of the QD-bBSA
conjugates and their complexes with SAv-TMR are not
known.

Although QD-TMR FRET is clearly responsible for the
enhanced TMR fluorescence in these assays, it is apparent
from the concentration dependence of the QD emission that
other types of energy transfer mechanisms, in addition to
FRET, need to be considered as contributing factors in the
quenching of the QD emission. The fraction,f, of the QD
emission that is quenched due to QD-TMR FRET is given
by6

where∆IFRET
TMR is the enhanced TMR fluorescence,∆Iquench

QD is
the difference in the QD emission intensities in the absence
and presence of SAv-TMR, and φF

TMR and φL
QD are the

luminescence quantum efficiencies of the SAv-TMR (0.27,
measured with reference to R6G) and QDs (0.4) in the
absence of the donor and acceptor, respectively. Thef values
calculated at each SAv-TMR concentration are presented
in Table 1. For the 16 nM SAv-TMR solution, the fraction
of the QD emission quenched due to FRET is only 11%,
indicating that 89% of the donor quenching is initially being
caused by another energy transfer mechanism that does not
enhance the TMR fluorescence. The value off increases to
a maximum of 54% as the SAv-TMR concentration
increases to 80 nM and then levels off at 46% for concentra-
tions of 120 nM and above. Clearly, the largest fraction of
static quenching not resulting in enhanced TMR fluorescence
occurs upon addition of 16 nM SAv-TMR. Most of the QD
emission quenching observed upon increasing the SAv-
TMR concentration beyond this amount can be attributed to
QD-TMR FRET. For example, comparison of the QD
quenching and enhanced TMR fluorescence of the 16 and
40 nM SAv-TMR samples reveals that QD-TMR FRET
is responsible for 88% of the difference between the QD
emission intensities of these two samples.

Alternative energy transfer mechanisms that could possibly
account for the additional quenching of the QD emission
include QD self-quenching caused by the formation of QD
aggregates due to binding of multiple biotin moieties to a
single SAv-TMR molecule and nonspecific interactions

Figure 4. Fluorescence emission spectra from solutions containing
∼15 nM QD-bBSA and 0 (s), 16 (-‚-), 40 (-‚‚-), 80
(- - -), 120 (---), and 160 nM (‚‚‚) SAv-TMR. The lower solid
curve is from a 160 nM SAv-TMR control. All solutions were
prepared in 1 mM PBS buffer. An excitation wavelength of 400
nm was used for all samples. The inset displays the enhanced TMR
fluorescence intensity at 585 nm from the QD-bBSA/SAv-TMR
solutions as a function of SAv-TMR concentration. The enhanced
fluorescence intensities were obtained by extracting the TMR
fluorescence spectrum from each spectrum and correcting for
background and direct TMR excitation as described in the text.

Figure 5. Emission spectra observed from∼15 nM QD-bBSA,
∼15 nM/120-nM QD-bBSA/SAv-TMR, and 120 nM SAv-TMR
solutions in 1 mM PBS buffer. An extracted SAv-TMR spectrum
is also shown for comparison. The excitation wavelength was 400
nm.

Table 1. Fraction of FRET-Induced QD Emission Quenching
vs SAv-TMR Concentration

[SAv-TMR] (nM) 16 40 80 120 160
f (%) 11 30 54 46 47

f )
∆IFRET

TMR

∆Iquench
QD

‚
φL

QD

φF
TMR

(1)
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between the TMR molecules and the QD surfaces, such as
QD to TMR electron transfer. The following observations
suggest that some type of nonspecific interaction between
the QDs and TMR molecules is responsible for the large
initial quenching observed in the 16 nM SAv-TMR solution.
(1) A solution of∼15 nM QD-bBSA and 16 nM unlabeled
SAv showed no measurable decrease in the QD emission,
which indicates that QD aggregation is not significant at this
SAv concentration and that the presence of TMR is crucial
for this type of energy transfer to occur. (2) Note from Figure
5 that significant quenching of the QD emission is observed
in a mixture of SAv-TMR and QDs conjugated to nonbio-
tinilated BSA even though there is no specific interaction
between the QD-BSA complexes and SAv-TMR mol-
ecules. Previous studies have shown that electron and/or hole
acceptor molecules, including organic dye molecules, in
direct contact with the surfaces of CdSe and CdSe-ZnS QDs
can quench the QD emission in a similar manner.18,26 Thus,
we speculate that QD to TMR electron transfer may be
responsible for most of the initial quenching observed in the
16-nM SAv-TMR spectrum displayed in Figure 4. We
further speculate that most of the QD surface sites available
for nonspecific interaction with TMR are saturated at 16 nM
SAv-TMR, which would explain why subsequent addition
of SAv-TMR results mainly in QD-TMR FRET. Finally,
we note that at higher SAv concentrations, we begin to see
evidence for self-quenching of the QD emission due to QD
aggregation. Each SAv-TMR molecule contains four biotin
binding sites, and each bBSA molecule contains multiple
biotin moieties, which means that at high SAv-TMR
concentrations the potential exists for extensive cross-linking
to occur. Our experiments with unlabeled SAv revealed
evidence for self-quenching of the QD emission for solutions
containing∼15 nM QD-bBSA and >80 nM SAv. For
example, a solution containing∼15 nM QD-bBSA and 160
nM SAv caused the QD emission to decrease by 20%
compared to the pure solution of∼15 nM QD-bBSA. The
fact that the fraction of QD quenching caused by QD-TMR
FRET reaches a peak at 80 nM SAv-TMR (See Table 1)
may be due to the onset of QD self-quenching above this
concentration.

In summary, we have shown that the specific binding of
different proteins can be observed via FRET between a
CdSe-ZnS QD donor attached to one of the proteins and
organic acceptor dyes attached to the other protein, resulting
in a strong enhancement of the dye fluorescence that was
well resolved from the QD emission spectrum. Because of
the broad absorption spectrum of the QDs, we were able to
choose a donor excitation wavelength that was well resolved
from the absorption spectrum of the acceptor, thereby
minimizing direct excitation of the acceptor. Evidence for
additional energy transfer processes that cause quenching of
the QD emission without enhancing the dye fluorescence
was also observed, the exact nature of which is the subject
of continued investigation in our laboratory. The methods
outlined in this report will be put to use in the design of
homogeneous assays of antibody-antigen binding, DNA
hybridization, enzyme-substrate interaction, etc.
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