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Abstract: We present a single particle fluorescence resonance energy transfer (spFRET) study of freely
diffusing self-assembled quantum dot (QD) bioconjugate sensors, composed of CdSe-ZnS core-shell
QD donors surrounded by dye-labeled protein acceptors. We first show that there is direct correlation
between single particle and ensemble FRET measurements in terms of derived FRET efficiencies and
donor-acceptor separation distances. We also find that, in addition to increased sensitivity, spFRET provides
information about FRET efficiency distributions which can be used to resolve distinct sensor subpopulations.
We use this capacity to gain information about the distribution in the valence of self-assembled QD-
protein conjugates and show that this distribution follows Poisson statistics. We then apply spFRET to
characterize heterogeneity in single sensor interactions with the substrate/target and show that such
heterogeneity varies with the target concentration. The binding constant derived from spFRET is consistent
with ensemble measurements.

Introduction

Single molecule measurements have brought a wealth of
information and allowed better understanding of a wide range
of physical, chemical, and biological phenomena and pro-
cesses.1,2 For example, single molecule detection is able to
resolve molecular scale heterogeneities in macroscopically
homogeneous samples (e.g., a dispersion of nanoparticles),
compared to ensemble measurements. In particular, ratiometric
detection of single Fluorescence Resonance Energy Transfer
(FRET) pairs provides information about donor-acceptor
distance distributions, receptor-ligand binding, and macromol-
ecule conformation.3,4 Two experimental modalities may be used
to achieve single molecule detection. Immobilization of mol-
ecules on substrates affords the ability to resolve time-dependent
changes of isolated molecules and characterize the dynamics
of interconversion between substates (e.g., protein folding
conformations), without having to synchronize a large popula-
tion. Alternatively, detection of freely diffusing single molecules

with a confocal microscope setup allows rapid monitoring of
large populations and is not subject to surface-induced artifacts.

Luminescent semiconductor nanocrystals, or quantum dots
(QDs), offer several advantages as fluorophores over traditional
organic dyes for biological sensing and imaging.5-12 These
include broad excitation spectra, large one- and two-photon
absorption cross sections, and narrow size-tunable photolumi-
nescence (PL) emission spectra along with excellent photosta-
bility and chemical stability. Thanks to recent advances in QD
solubilization and bioconjugation techniques, these probes are
being increasingly used in a wide variety of in vitro and in vivo
applications, ranging from immunoassays to cellular labeling
and tissue imaging.13-18
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The QDs’ unique spectroscopic properties also make them
particularly suitable as FRET donors.19-22 In particular, their
broad absorption spectra allow excitation of the QDs far from
the acceptor absorption spectrum which limits acceptor direct
excitation, while their narrow emissions allow easy signal
separation and simplify data analysis. This has led to the
development of several QD-based FRET assays for DNA and
small analyte detection.20,22-24 A recent report by Wang et al.
used commercially available Streptavidin-coated QDs to dem-
onstrate single particle sensing of DNA hybridization based on
QD and FRET.24 The authors used the strong reduction of
acceptor direct excitation to improve assay sensitivity compared
to studies that used organic dye molecular beacons. However,
the long separation distances in their QD-streptavidin-biotin-
oligomer-acceptor construct limited the energy transfer ef-
ficiency from one QD to one acceptor to about 4%. While more
efficient energy transfer may be achieved by conjugating a high
number of acceptors per QD, signals from a single QD-protein
conjugate then represents an average signal from all the protein-
dyes conjugated to the particle, which undermines the interest
of single particle detection. In this regard, higher donor-to-single
acceptor FRET efficiencies would result in higher sensitivities
and give access to more quantitative information about hetero-
geneous sensor populations.

Here, we report a full FRET characterization of solution-
phase single dye-labeled protein-QD bioconjugates, with
efficient donor-to-single acceptor energy transfer. We first show
the quantitative equivalence between single particle FRET
(spFRET) and ensemble measurements in terms of derived
averaged FRET efficiencies and donor-acceptor distances. We
then use single particle FRET to resolve heterogeneity in
individual self-assembled bioconjugates within a population and
test these findings in two applications. First, we resolve the
distribution in the number of protein acceptor per QD in a
solution of QD-protein conjugates (macroscopic sample) with
a given nominal protein-to-QD ratio. In particular, we show
that the valence of self-assembled QD-protein conjugates
follows a Poisson statistics. We then demonstrate single particle
sensing/binding of a conjugated protein to its substrate analyte
and identify two sensor subpopulations, one representing “free”
sensors (QD conjugates not interacting with the analyte) and
the other made of sensors that are bound to the target molecule.

Materials and Methods

Quantum Dots.Semiconductor CdSe-ZnS core-shell nanocrystal
QDs were synthesized using organometallic precursors injected at high
temperature, following published procedures.5-7,25 Two QD samples
were prepared exhibiting narrow and symmetric emission spectra

centered at 520 and 540 nm, respectively. The QDs were transferred
to an aqueous buffer by exchanging the native trioctylphosphine/
trioctylphosphine oxide (TOP/TOPO) ligands with dihydrolipoic acid
(DHLA).26 The resulting QDs were stable and aggregate-free in basic
buffer for several months, as verified by dynamic light scattering.27

QD-Protein Conjugation. The E. coli derived maltose binding
protein (MBP) was modified with a C-terminal pentahistidine sequence
using procedures described elsewhere.20,28 These proteins were engi-
neered to express a unique cysteine amino acid at either position 95
(MBP95C) or position 41 (MBP41C). This allowed for site-specific
labeling of the proteins with Rhodamine Red (RR)-, Cy3-, or Cy5-
maleimide dyes. The affinity of the polyhistidine tract to ZnS overcoated
CdSe nanocrystals allowed easy and stable self-assembly of the proteins
on the QDs’ surface. The QD-MBP conjugates were prepared by
mixing DHLA-capped QDs, unlabeled MBP, and dye-labeled MBP in
ratiometric quantities in 10 mM Na-tetraborate buffer (pH≈ 9).
Conjugation of proteins is accompanied with a QD ensemble quantum
yield (QY) increase in solution, which has been attributed to better
surface passivation and neutralization of electric field effects at the
surface of DHLA-capped QDs.20,26To minimize sample-to-sample QY
variations, the total number of proteins was kept constant while varying
the ratio of unlabeled-to-labeled proteins per QD bioconjugate.

QD-Dye Labeled Protein FRET. Self-assembly of dye-labeled
proteins onto the QDs brings the dye acceptors in close proximity to
the QD center and results in efficient FRET.20,21The site-specific protein
labeling and controlled orientation of the protein on the QD afforded
by the metal-affinity-driven conjugation provide homogeneous donor-
acceptor separation distances within these conjugates (Figure 1A).21,29

The energy transfer efficiency from a QD conjugated to exactlyn
acceptors at a distancer from the QD center is given by21,30

whereR0 is the Förster radius (distance at which the efficiency for a
donor-single acceptor pair becomes 0.5). Absorption and emission
spectra of the different QD/dye pairs are provided in the Supporting
Information, Figure S3.

For each sample, ensemble PL emission spectra were collected using
a SPEX Fluorolog-3 fluorimeter and an excitation wavelength of
488 nm from a Xe lamp.

Single Particle FRET Measurements. Single particle FRET
measurements were performed on an Axiovert 200 (Carl Zeiss) confocal
microscope setup, previously described in ref 31 (Figure 1B). 100µL
of QD samples (3 nM in borate buffer) were placed on top of a glass
coverslip above the objective. A 488 nm excitation from an argon ion
laser was focused∼10 µm above the glass surface through a 100×
objective (Fluar, NA) 1.3, Carl Zeiss). The excitation intensity
typically corresponded to 20-40 µW at the objective rear aperture.
Fluorescence signals were collected through the same objective using
a 515DCLP dichroic mirror (Chroma, Rockingham, VT; Dichroic 1 in
Figure 1B), which removes contribution from the laser signal. Residual
excitation light was filtered out using a 488 nm notch filter (Kaiser
Optical Systems, Ann Arbor, MI). Donor and acceptor signals were
separated using a 585DCXR dichroic filter (Chroma; Dichroic 2 in
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Figure 1B) for the 540 nm QD-RR and 540 nm QD-Cy5 pairs.
Alternatively, a 565DCLP dichroic (Chroma) was used for the 520 nm
QD-Cy3 pair in combination with a 500 nm long pass filter (Andover
Corp., Salem, NH) inserted in the dye channel to remove the
contribution from the dichroic transmission window below 500 nm. In
both cases, the second dichroic filter was selected with a cutoff
wavelength far removed from the QD emission to completely eliminate
any “bleed-through” into the dye channel, a choice that corrects for
heterogeneity in the spectral emission of individual QDs within a single
population.32 If the dichroic cutoff region had a significant spectral

overlap with the QD ensemble emission spectrum, individual QDs
would present different transmissions into the dye channel, which
prevents homogeneous QD bleed-through correction. Organic dye
molecules exhibit more homogeneous spectra, and their bleed-through
into the QD channel is therefore easier to account for and correct.
Fluorescence signals of the QD donors and dye acceptors were detected
by two single-photon counting avalanche photodiodes (APD) (Perkin-
Elmer, Fremont, CA). The corresponding time traces were recorded
for 10 min, with 1 ms time bins, using a PCI 6602 acquisition board
(National Instruments, Austin, TX) and a custom software written in
Labview (National Instruments). The time traces consisted of a series
of signal bursts corresponding to the diffusion of a single QD conjugate
in the confocal volume, separated by periods of blank signals (Figure
1C). This shows that on average much less than one QD conjugate
was present in the confocal volume during the acquisition interval (bin),
due to the low sample concentration; this guarantees that the probability
of detecting several conjugates simultaneously is negligible.

Single Particle FRET Analysis.Analysis of the spFRET data was
performed using custom routines in Igor Pro (Wavemetrics, Lake
Oswego, OR).31 After subtraction of the background level, the dye
bleed-through into the QD channel was corrected using ensemble
emission spectra and the dichroic transmission responses. To provide
a sufficient signal-to-noise ratio, signal bursts were selected when the
sum of the two signals reached a threshold of typically 40 counts/ms
(the background level was typically 4 counts/ms). The total number of
such signal bursts in a single acquisition was generallyg1000. In the
absence of acceptor direct excitation, the FRET efficiencyE of a single
donor-acceptor pair is given byE ) IA/(IA + (ΦA/ΦD)ID), whereIA

(ID) andΦA (ΦD) represent the acceptor (donor) signals and quantum
yields, respectively. In the present study we however opt to characterize
each burst using the emission ratioη ) IA/(IA + ID). When the donor
is conjugated ton acceptors,η is given by

whereE(n) is given by eq 1 and we take into account the possibility of
acceptor direct excitation by introducingσA (σD), the acceptor (donor)
excitation cross-sections at the laser wavelength. Population distributions
were then characterized by their histograms evaluating the fraction of
signal bursts (QD conjugates) exhibiting specific emission ratios.1 Donor
quenching efficiencies were also determined by measuring the average
QD PL intensities from the population of bursts exhibiting (IA + ID)
larger than the detection threshold. Here, the acceptor reemission
compensates well for the donor quenching, which prevents the detection
threshold from truncating the QD donor population, by allowing the
detection of the efficiently quenched QDs.

Results and Discussion

1. Comparison between Single Particle and Ensemble
FRET Measurements.We begin by demonstrating the equiva-
lence between QD-based single particle FRET and ensemble
FRET measurements. Figure 2A shows the ensemble emission
spectra of 540 nm QD-MBP95C-RR conjugates with different
ratios of RR-labeled proteins per QD-conjugate. The total
number of proteins was kept constant at 12 using a mixture of
labeled and unlabeled MBPs. Data clearly show that conjugation
of the MBP95C-RR brings the RR dye in close proximity to
the QD and results in efficient FRET, with a transfer efficiency
that systematically increases with increasing number of protein
acceptors around a QD donor. This is reflected by the progres-
sive quenching of the QD PL with a concomitant increase in
the RR acceptor signal as the dye-to-QD ratio increases.21

(32) Empedocles, S. A.; Norris, D. J.; Bawendi, M. G.Phys. ReV. Lett. 1996,
77, 3873-3876.

Figure 1. (A) Schematics representing a DHLA-capped semiconductor QD
donor conjugated to several dye acceptor-labeled proteins. (B) spFRET
detection setup. (C) Example of superimposed QD donor (green) and
acceptor (red) time traces. Only the fluorescence bursts with the sum of
both signals above the threshold level (indicated by arrows) are selected
for analysis.

η )
E(n) + nσA/σD

(ΦD/ΦA)(1 - E(n)) + E(n) + nσA/σD

(2)
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Figure 2B shows the population distribution of the emission
ratio η ) IA/(IA + ID). Unphysical values below 0 and above
100% arise from noise in the background subtraction and dye
bleed-through correction. The QD-MBP conjugate sample
(without any acceptors) provides a relatively narrow and sharp
peak centered atη ) 0; this implies that the signal from all
single QDs is mainly detected in the blue region of the dichroic
emission. As the ratio of labeled proteins per QD increases, the
peak at η ) 0 diminishes and the population distribution
progressively shifts toward higher emission ratios, corresponding
to higher FRET efficiencies. We note the absence of bursts
exhibiting η ≈ 100% for low acceptor-to-QD ratios, which
would correspond to acceptor-only emissions. Similarly, no
fluorescence bursts were detected from a protein-acceptor-only
solution. This indicates that acceptor emission due to direct
excitation is below the detection threshold and further proves
that any contribution to the acceptor channel must result from
FRET within QD-protein-dye conjugates; at higher ratios
additional contribution due to simultaneous (and cumulative)
direct excitation of multiple acceptors conjugated to the same
QD become nonnegligible (eq 2). We also observed no decrease
in the density or intensity of fluorescent bursts during the course
of 10 min measurements, which reflects the absence of any
significant QD or dye photobleaching.

Figure 2C shows the average emission ratiosη as a function
of the number of labeled proteins per QD, for ensemble PL
data (shown in Figure 2A) and spFRET data (shown in Figure
2B) using the distribution first moment for the spFRET data.
The spFRET data exhibit slightly smaller values than their
ensemble counterparts, which may be attributed to a combination
of a slightly underestimated RR acceptor bleed-through into the

QD channel, different detector spectral responses, or a different
behavior of the acceptor undergoing higher excitation rates in
the spFRET measurements (due for example to the influence
of dye triplet states). Regardless, ensemble and spFRET values
follow a similar behavior and are consistent with the expected
trend for energy transfer efficiencies with an increasing number
of acceptors per donor.21 FRET efficiencies derived using donor
quenching often yield more reliable estimates than those derived
using acceptor emission, because they do not depend on the
acceptor fluorophores QY.33 As shown in Figure 2D, when
analysis was limited to QD PL loss, the two techniques yielded
very similar efficiencies. Fitting these data with the expected
behavior for a Fo¨rster formalism,∆PL(N)/PL0 ≈ E(N) ) N/(N
+ (r/R0)6), yields a donor-acceptor separation distance of∼70
( 3 Å for ensemble and 67( 3 Å for spFRET measurements
(R0 ≈ 60 Å for this pair). Ensemble and spFRET measurements
thus provide consistent information about average emission
ratios, FRET efficiencies, and donor-acceptor separation
distances. This confirms the suitability of spFRET measurements
for QD-based FRET assays.

2. Distribution in the QD -Protein-Dye Conjugate Va-
lence.Self-assembly of QD-protein bioconjugates is a process
that inherently leads to a heterogeneous distribution in the
number of proteins per conjugate, like any conjugation approach
where multiple copies of a target receptor can interact with the
QD surface functionalities. Knowledge of this distribution is
of crucial importance to the design and characterization of QD-
based biosensors. The number of protein acceptors per conjugate
is expected to follow Poisson statistics for protein-to-QD ratio

(33) Lakowicz, J. R.Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer
Academic: New York, 1999.

Figure 2. 540 nm QDs conjugated with a different average numberN of RR-labeled proteins per QD. (A) Normalized ensemble PL spectra; (B) Emission
ratio distributions obtained from spFRET measurements. (C) Comparison between ensemble (from (A);b) and average spFRET (distribution first moments
from (B); 9) emission ratios, as a function of the average number of RR acceptors per QD. (D) Normalized QD PL loss obtained from ensemble (b) and
spFRET measurements (9), as a function of the average number of RR acceptors per QD.
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below the QD surface saturation level (here∼15-20 MBP per
QD). For a conjugate with a nominal valenceN (N being the
average acceptor-to-QD ratio used during reagent mixing), the
fraction of QDs conjugated to exactlyn acceptors is then
theoretically given by

We use spFRET to gain information about heterogeneity in
a single QD bioconjugate valence, probe the distribution in the
number of protein-dyes per QD, and compare it to the
predictions of eq 3. Figure 2B reveals broad distributions of
emission ratios, or FRET efficiencies, especially at an average
number of protein acceptors per QD donorN > 1. Indeed, these
distributions reflect the heterogeneity in the QD-protein-dye
conjugate valence.

We first consider the fraction of QDs that are not conjugated
to any acceptors,p(N,n ) 0). Equation 3 indicates that this
fraction is expected to decrease exponentially withN:

Experimentally, we identify the fraction of conjugate population
exhibiting an emission ratioη e 10% as QDs that are not
conjugated to any protein acceptor. Figure 3 shows that this
fraction follows closely the trend anticipated from eq 4.
Consistently, the QD fraction exhibiting emission ratios greater
than 15%, representing the QDs engaged in FRET, progressively
increases with the average ratio of acceptors per QD, as 1-
p(N,n ) 0).

We examine if the experimentally observed distributions
correspond to the expected Poisson statistics for each average
number of acceptorsN per QD conjugate. We use eqs 1 and 2
along with donor-acceptor separation distances, acceptor direct
excitation, and quantum yield ratios derived from experimental
ensemble measurements to predict the emission ratios expected
for a QD conjugated to exactlyn acceptors. We assume that
the subpopulation distributions have a Gaussian shape and
attribute a common distribution width to all subpopulations to
account for experimental noise and small conjugate heteroge-
neities. We use eq 3 to predict the relative proportion of each
population component. We finally construct the theoretical
population distribution, P(η), as the sum of all these subpopu-

lations (n ) 0, 1, 2 ...) and compare it to the experimentally
observed distribution in ratiosη. Figure 4A and 4B show both
experimental and theoretical distributions forN ) 0.5 andN )
4 (corresponding figures for the other values ofN are available
in the Supporting Information, Figure S2). These distributions
match throughout the range ofN values used in this study, with
the only fitting parameter being the subpopulations width. The
slight difference between the experimental distribution and the
theoretical fit at largeη may be due to a poor estimation of the
acceptor spectral cross-talk and/or direct excitation, or QD
blinking.

To explore effects of variation in the degree of spectral
overlap we compared the distribution of FRET ratios for this
relatively “good” FRET pair (high spectral overlap) with that
of 540 nm QD-Cy5 pair (shown in Figure 4C); the poor overlap

Figure 3. Fraction of QDs without any acceptors (η < 10%; 9) and
engaged in FRET (η > 15%;2) as a function ofN, the average number of
RR acceptors per QD, obtained from spFRET measurements. The fit
corresponds to the Poisson distributionp(N,0) ) exp(-N).

Figure 4. Experimental emission ratio distributions compared with fits
from the Poisson distribution: 540 nm QDs conjugated with (A)N ) 0.5
MBP95C-RR per QD; (B)N ) 4 MBP95C-RR per QD; (C)N ) 4
MBP95C-Cy5 per QD. The contributions from the different subpopulations
(n ) 0, 1, 2...) are plotted for each valueN, along with their sum,P(η),
and compared with the experimental curve.

p(N,n) ) Nn exp(- N)/n! (3)

p(N,0) ) exp(-N) (4)

A R T I C L E S Pons et al.
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between 540 nm QDs and Cy5 (absorption shoulder at∼610
nm) results in a very low FRET efficiency (R0 ≈ 42 Å, E(n )
1) ≈ 4%). Data show that this FRET pair yields a narrower
distribution of emission ratios, and the different subpopulations
cannot be resolved as efficiently, a direct consequence of this
weaker spectral overlap (compare Figure 4B and 4C).

3. Single Particle Sensing of Small Analytes.We now
examine the potential of our self-assembled QD-MBP-dye
conjugates as substrates for FRET-based small analyte sensing
at the single particle level. Here, the residue cysteine 41C used
for attachment of a Cy3 (acceptor) is located at a position such
that the obligatory conformational change in the MBP upon
binding to maltose (its substrate) alters the environment around
the dye and causes a drop in its quantum yield (reagentless
sensor for maltose).34 Binding of maltose does not affect the
FRET efficiency, because the protein conformational change
does not modify the donor-acceptor separation distance or
spectral overlap. However, the drop in the Cy3 emission
provides a clear optical signature of the presence of maltose
(Figure S3). Here, the QD plays the dual role of an energy donor
and a reference signal.

Figure 5A shows the change in the ensemble emission spectra
of QD-MBP41C-Cy3 conjugates in response to increases in
maltose concentration. As expected increasing maltose concen-
tration causes the Cy3 signal to progressively decrease while
the QD signal remains constant. Plotting the relative Cy3
fluorescence drop (∆PL(Cy3)/∆PLmax(Cy3)) against the maltose
concentration, shown in Figure 5C, yields an apparent binding
constantKd ≈ 0.8 mM, consistent with previously derived
values.34 Figure 5B shows the corresponding data derived from
spFRET measurements. In the absence of maltose, most QD
bioconjugates exhibit high emission ratios. When maltose is
added to the solution, the fraction of sensors with a high
emission ratio decreases while that of low emission ratio sensors
progressively increases. This picture is consistent with the one
assembled for ensemble measurements, as reduced Cy3 emission
produces a shift toward lower emission ratios. We assessed the
spFRET response of the sensing assemblies by measuring the
fraction of QD conjugate sensors exhibiting low emission ratios
(η < 20%, where most of the gain occurs). Again, the spFRET
response is consistent with the ensemble measurements, as
shown in Figure 5C. The spFRET detection yields a binding
constantKd ≈ 2 mM, a value close to the one extracted from
macroscopic measurements.34

Compared to ensemble measurements which only offer
average values, spFRET measurements also allowed us to gain
additional insights into the heterogeneity of population distribu-
tions. In particular, ensemble measurements cannot distinguish
between two distinct scenarios: (1) a homogeneous and
progressive drop in Cy3 PL QY of all QD-MBP sensors in
the sample or (2) the mixing of two distinct populations with
high and low Cy3 photoemissions, respectively. In contrast,
spFRET results reflect the coexistence of two sensor populations,
one bound to (interacting with) maltose and another made of
free conjugates (not bound to maltose). Furthermore, the
emission ratio distribution for any intermediate maltose con-
centration can be described by a mix of free and bound
populations, where the fraction of bound sensors progressively

increases with the maltose concentration. To illustrate this, we
consider the population distribution in the presence of maltose
at a concentration close toKd. At this concentration, about half
of the sensors should be bound to maltose. Indeed, Figure 6A
shows that the conjugate population is very well fitted using a
mixture of free and bound QD-MBP41C-Cy3 conjugates. The
distributions of free and bound sensors were collected from the
samples in the absence of maltose and under saturation
conditions (with 20 mM maltose), respectively, with free sensor
distribution being mainly weighted toward higherη and that of
bound sensors weighted toward the lowerη values. In contrast,
the other possible scenario (characterized by a progressive
homogeneous quenching of Cy3 fluorescence in the presence
of maltose) would lead to a shift in the initial emission ratio
distribution (in absence of maltose) toward lower values (as
shown in Figure 6B). The predicted shifted distribution for the
same maltose concentration considered above is very different
from the measured one. The spFRET measurements thus
unambiguously reveal the coexistence of two distinct sensor

(34) Medintz, I. L.; Clapp, A. R.; Melinger, J. S.; Deschamps, J. R.; Mattoussi,
H. AdV. Mater. 2005, 17, 2450-2455.

Figure 5. Maltose sensing: (A) Ensemble PL spectra of the 520 nm QD-
MBP41C-Cy3 sensor and (B) spFRET emission ratio distributions, as a
function of maltose concentration. (C) Response of the sensor from ensemble
PL (black,b) and spFRET measurements (red,9).
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populations, along with their relative contributions; the corre-
sponding average macroscopic response is shown in Figure 5C.

Finally, we should note that in reality even the distribution
measured for a sample with 20 mM maltose (high above the
binding constant) does not correspond to homogeneous Cy3
quenching. Data shown in Figures 6A,B clearly indicate that
the distribution measured at 20 mM maltose is still significantly
broader than the expected response deduced from the free sensor
distribution. This may reflect inherent heterogeneity in the
protein acceptor response to maltose, originating in either the
acceptor dye response or the protein conformation changes.

Discussion

Our results confirm the suitability of metal-affinity-mediated
QD-protein self-assembly for use in single particle measure-
ments, where control over the protein orientation on the QD
and high affinity can be achieved.20,21,29 This self-assembly
process yields a heterogeneous distribution in the number of
proteins (and acceptors) per QD conjugate, a feature shared by
alternative functionalization methods such as the conjugation
of biotinylated macromolecules to streptavidin-coated QDs or
the direct coupling of antibodies onto carboxylic acid-QDs by
EDC (ethyl(dimethylaminopropyl) carbodiimide) reaction chem-
istry. Control over the QD-biomolecule valence distribution
is essential for QD-based sensor characterization. Our results
indicate that metal-affinity-mediated conjugation yields the
expected Poisson distribution for all average ratios and can
therefore be accounted for in subsequent data analyses. In
particular, the fraction of unconjugated QDs becomes less than

2% whenN g 4 proteins per QD (Figure 3), as predicted from
the Poisson statistics. In contrast, using commercial Streptavidin-
coated QDs the spFRET study described in ref 25 showed that
a significant fraction (∼50%) of the QD-DNA conjugates were
not engaged in FRET when mixed withN ) 12 target acceptors,
which may reflect heterogeneity in the QD functionalization,
acceptor conjugation, or QD-to-single acceptor FRET ef-
ficiency.24

It should be noted that even though this heterogeneity exists,
an approximate analysis of ensemble FRET measurements can
still be performed assuming a homogeneous population using
the relation:

whereNsatcorresponds to the maximum saturation number of
dye-labeled proteins around a single QD. The error incurred
using this approximation (i.e., deviation between the two
models) strongly depends on the ratior/R0 and the average
conjugate valenceN; it becomes sizable for small values ofN
and r/R0. When used to derive estimates for the separation
distance for a particular donor-acceptor pair, this approximation
usually yields an error inr values that decreases with increasing
separation distance and vice versa; it is less than 10% forr >
R0. This condition is met for most QD-dye pairs, largely due
to the finite QD size and Fo¨rster radius rangeR0 ≈ 50-70 Å.
Overall, whenr < R0, the exact expression of the average FRET
efficiency taking into account the distribution in conjugate
valence should be employed to derive accurate information on
any QD-bioreceptor-dye complexes (eqs 1 and 3).

Several sources contribute to the broadening of subpopulation
histograms (n ) 0, 1 ...). One source of experimental noise is
due to photon shot noise arising from the discrete nature of
photons detected by the photodiodes. Here, we evaluate the
emission ratio distribution width caused by the photon shot noise
as ∆η ) xηj(1-ηj)/T, whereηj is the average emission ratio
andT is the threshold used for the selection of the fluorescence
bursts.1 For example, a threshold of 40 counts yields a maximum
∆η of 0.08. Another source of broadening in FRET efficiency
distribution is the heterogeneity of the QDs’ emission wave-
lengths: individual QDs in the same population possess narrow,
distinct emission spectra which result in heterogeneous spectral
overlaps with the acceptor absorption spectrum. As a conse-
quence, even though the ensemble population exhibits a narrow
PL emission spectrum, two distinct QDs of the same population
may undergo different FRET efficiencies.35 This effect can be
minimized by selecting a QD population emitting in a rather
flat region of the acceptor absorption spectrum, like the 540
nm QDs/RR pair used in this study. Finally, fluctuations in
donor-acceptor separation distances and quantum yield may
also participate in the subpopulation heterogeneity.

A promising application of single QD FRET techniques is
the ultrasensitive biomolecular detection of binding events or
bioreceptor conformational changes in response to interactions
with a target. While ideally detection of one single particle could
be sufficient to reveal the target presence, in practice unambigu-
ous detection requires a minimal fraction of QDs engaged in

(35) Pons, T.; Medintz, I. L.; Sykora, M.; Mattoussi, H.Phys. ReV. B 2006, 73,
245302.

Figure 6. (A) Distribution of emission ratios derived from spFRET
experiments. The population derived for 2.5 mM of added maltose (green)
is well described using a mixture (black) of two populations, one in absence
of maltose (blue) and one under saturation conditions with 20 mM maltose
(red). (B) For comparison, the corresponding “theoretical” population
distributions are shown, assuming homogeneous progressive response of
all sensors, derived from the distribution in absence of maltose.

∑
n)0

Nsat

p(N,n) E(n) ≈ E(n ) N) (5)

A R T I C L E S Pons et al.
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FRET interactions. This is due to the fact that histograms for
the Poisson subpopulations overlap considerably (e.g., histo-
grams forn ) 0 andn ) 1 in Figure 4) due to experimental
noise and conjugate heterogeneity. As a result, a small fraction
of QDs engaged in FRET may not be distinguished from the
majority of unconjugated QDs. In this regard, direct conjugation
of biomolecules to QDs providing a short donor-acceptor
distance (thus high energy transfer efficiency) and good acceptor
reemission are desirable. These conditions allow the donor-
single acceptor (n ) 1) distribution to be well separated from
the dye-free donor (n ) 0) distribution and thus yield higher
detection sensitivity. This is particularly exemplified by compar-
ing histograms for QD/dye pairs with high and low FRET
efficiencies, as shown in Figure 4B, C.

These considerations are also valid for other sensing schemes
similar to the maltose sensor studied in this work. Here target
detection relies on the emission ratio changes upon target
binding to the QD-receptor conjugate. The sensitivity is then
strongly dependent on the amplitude of these changes and on
the target-receptor binding constant.

Conclusion

We have shown that luminescent QDs are particularly suitable
as energy donors for single particle FRET sensing, since they
offer bright, stable, and spectrally narrow emissions along with
limited acceptor direct excitation. In particular, we demonstrated
that spFRET provides information about heterogeneity in
population composition. It allowed characterization of individual
QD bioconjugate structures and revealed that there is a distribu-
tion in the number of biomolecules per QD in a macroscopically
homogeneous sample, an important parameter in sensor devel-
opment based on QDs and FRET. In addition, our results
demonstrated that solution phase spFRET detection using QDs

offers complementary information to those collected from
ensemble measurements. When applied to the detection of the
sugar maltose spFRET provides additional insights into the
simultaneous presence of several sensor subpopulations in the
sample, representing for example QD-MBP conjugates bound
to maltose mixed with unbound conjugates. Finally, our results
confirm that spFRET and ensemble measurements provide
similar information about average FRET efficiencies and
donor-acceptor distances in self-assembled QD-protein bio-
conjugates.

As progress in designing and implementing new QD bio-
conjugation techniques will allow the development of specific
QD-based biomolecular probes, QDs are expected to find
increasing applications in a wide range of biological and
biophysical studies. Intracellular sensing of protein interactions,
ligand-receptor binding, and protein trafficking inside live cells
and across the cell membranes will certainly benefit from our
results and from the development of spFRET using QD donors
in general.
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