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We report herein the development of a novel quantum dot-

intercalating dye dual-donor FRET system that can be used

for sensitive detection of pM level DNA and protein targets.

Quantum dots (QDs) have unique, size-dependent optical and

electrical properties that can be exploited in a range of sensing,

biomedical, and material applications.1 Their broad absorption

and narrow, symmetric emission are particularly well-suited for

Förster resonance energy transfer (FRET) based sensing appli-

cations, because such spectral characteristics enable the wide

selection of excitation wavelengths to minimise direct excitation

of the acceptor, reducing background and improving sensitivity.

QD-FRET based sensors have shown great promise in biological

and environmental sensing.2–5 Despite these, the strict requirement

of small donor–acceptor distance (r) for high FRET efficiency

(E, hence high sensitivity) has posed a considerable challenge

due to the significant size of the QD (core plus surface coating),

which can be comparable or even greater than the Förster radius

(R0) of typical QD-dye FRET pairs prior to bioconjugation.2

This is especially pronounced for commercial water-soluble

QDs, whose hydrodynamic radii are typically 7.5–15 nm,

greater than the R0 of most QD-dye FRET pairs (e.g. 4–7 nm).2

As a result, most QD-FRET sensors have relied on increasing

the number of acceptors on each QD (n) to achieve high FRET

efficiency,4 because E= nR6
0/(r

6 + nR6
0) in single-donor–multi-

acceptor FRET systems (n = number of acceptors). Such

systems, however, are inefficient for low target : QD ratio

situations (e.g. 1 : 1).4 To date, all QD-FRET sensors reported

have used the QD as the sole energy donor (Fig. 1A),2–5 which

may not be optimum for high sensitivity. We found previously

that the preferential intercalation of ethidium bromide (EB) to

duplex DNA can be exploited for label-free detection of the

nM level of a DNA target.5a Herein, we report the develop-

ment of the first QD–EB dual-donor FRET system, where

both the QD and intercalated EBs can FRET to the dye

acceptor, leading to significantly improved overall FRET

efficiency for each target DNA binding (Fig. 1B). We show

that this system can be exploited for detection of the specific

pM level of DNA and protein targets by incorporating a

specific aptamer sequence to QD–DNA conjugates.

In a conventional single-donor FRET system (Fig. 1A), the dye

FRET signal comes from the energy transfer of the QD only,

which is strongly dependent on the compactness of the QD–DNA

conjugate; whereas in a dual-donor FRET system (Fig. 1B), both

the QD and intercalated EBs FRET to the dye acceptor, leading

to enhanced overall E. In addition, the spatial closeness of the

intercalated EBs and acceptors6a in the dual-donor FRET system

should enable efficient FRET even with relatively bulky

QD–DNA conjugates (and/or a QD-dye FRET system with

relatively small spectral overlap), bypassing the strict requirement

of small r for efficient E in single-donor FRET systems. Further-

more, EB intercalates preferentially to double-stranded (ds) DNA

with a 20-fold increase in fluorescence intensity,6b which should

increase the E for each DNA target binding and hence sensitivity.

A glutathione (GSH) capped CdSe–ZnS core–shell QD

(GSH–QD, lEM E 540 nm, crystal diameter E 3.4 nm) was

prepared by ligand exchange using our established procedures

(see ESIw, Fig. S1).5d GSH binds to the QD mainly through

coordination of its thiol group with the QD surface Zn2+ ion,

leaving its two charged hydrophilic arms exposed to provide

good water-solubility (see ESIw, Fig. S2). A target DNA

(TBA, 50 modified with a C6-amine) containing a 29-mer

anti-thrombin aptamer sequence7 (shown in italic in Table 1)

was covalently conjugated to the GSH–QD surface COOH

group via EDC/NHS mediated coupling using our previous

procedures.5a The average number of TBA attached to each

QDwasB5 by measuring the difference between the amount of

Fig. 1 Schematic comparison of the single-donor (A) and dual-donor (B)

QD-FRET systems. The acceptor FRET signal comes from the energy

transfer from the QDonly (FRET1) in (A), but from both the QD (FRET1)

and intercalated EBs (FRET2) in (B), leading to an enhanced overall FRET

signal. The scheme beneath shows the DNA duplex sequences used herein.
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DNA used and that not conjugated to the QD (see ESIw for

details),5 denoted as QD–TBA5 hereafter. Hybridization of

complementary DNA3 (30 labelled with an Atto-647N acceptor,

Fig. 1) to the QD–TBA5 will bring the acceptor in close proximity

to the QD, producing QD to dye FRET as a readout signal.

Fluorescence spectra of QD–TBA5 (40 nM) after hybridization

with DNA3 (200 nM) excited at 450 nm (absorption minimum,

lmin, of Atto-647N to minimise direct dye excitation) revealed

only a weak Atto-647N FRET signal atB665 nm (Fig. 2A). This

is presumably due to small spectral overlap between the QD

emission and Atto-647N absorption (ESIw, Fig. S3), making QD

to Atto-647N direct FRET inefficient (Atto-647N is not directly

excited at 450 nm). When EB was introduced, the Atto-647N

FRET signal was enhanced significantly (Fig. 2A). This agrees

with that EB can intercalate the TBA–DNA3 duplex, acting as a

second FRET donor for Atto-647N to increase the overall E

(see ESIw, Fig. S4, for background corrected spectra). This is

more clear from the plot of intensity ratio between the Atto-647N

FRET signal (665 nm) and QD fluorescence (550 nm), Idye/IQD,

versus EB concentration, [EB], which reveals a good positive

linear relationship (R2= 0.976, Fig. 2B), confirming that addition

of EB can indeed effectively increase the overall E of the system.

To investigate how target DNA length affects DNA sensing in

this dual-donor QD FRET system, three complementary strands,

DNA1 (29 mer), DNA2 (15 mer) and DNA3 (12 mer, Table 1)

were hybridised to the QD–TBA5 with 0.6 mM EB (to minimise

EB contribution at dye emission). A plot of IDye/IQD versusDNA

concentration is shown in Fig. 3 (see ESIw, Fig. S5, for their [EB+

ssDNA] background corrected fluorescence spectra). Although

ssDNAs with certain local folding segments have been reported to

bind to EB,6c the ssDNAs used here showed minimum binding.

Fig. 3 clearly shows that the IDye/IQD increases linearly with

the increasing DNA concentration (R2 = 0.991, 0.984, and

0.986 for DNA1, DNA2, and DNA3, respectively) over the

0–160 nM range, suggesting that this system can be used to

quantitate nMDNA targets. The detection limit here (B0.5 nM)

is comparable or better than those of most other QD-FRET

based DNA sensors and other established DNA sensors using

direct detection (see ESIw, Table S1). The IDye/IQD value showed

a general trend of DNA1 > DNA2 > DNA3 under identical

conditions. The rate of IDye/IQD increase as a function of [DNA]

also exhibited the same trend of DNA1 > DNA2 > DNA3

(15.6 > 6.65 > 6.08 � 10�4 nM�1), which appears to be

positively correlated with the length of the DNA target (29, 15

and 12 mer). Presumably because as the DNA target length

increases, more EB molecules can be intercalated to each

target DNA–TBA duplex, increasing the EB to Atto-647N

FRET and hence the overall E.

To investigate the specificity of the dual-donor FRET

sensor for DNA detection, DNA-NC (non-complementary)

and DNA3-SM (single-base mismatch) were compared with

DNA3 under identical conditions (with 0.6 mM EB). The

resulting fluorescence spectra showed that DNA3 produced

significantly stronger FRET than DNA3-SM, while DNA-NC

produced the weakest signal. This is clearer after correction of

the (EB+ ssDNA) fluorescence background (see ESIw, Fig. S6),
where DNA-NC produced almost no detectable FRET signal,

suggesting that this sensor is specific and can discriminate

between full-match and single-base mismatch targets, which is

equivalent to a single-nucleotide polymorphism, SNP, discrimi-

nation. Despite a number of QD-FRET based DNA sensors

reported in the literature, most have showed only limited

discriminations between full- and non-matched DNAs (with

discrimination ratios typically o3), few have demonstrated

SNP discrimination ability, which is important for disease

diagnosis (see ESIw, Table S1).3–5

We have further extended this dual-donor FRET sensor for

label-free protein detection via the 29-mer anti-thrombin (TB)

aptamer sequence incorporated in the TBA strand which has high

affinity (Kd E 0.5 nM) for TB.7 The formation of a TBA–TB

complex will detach the complementary DNA from the QD–

TBA–DNAx conjugate, reducing the QD to Atto-647N (and also

intercalated EBs) FRET, leading to QD fluorescence recovery.

Table 1 The DNA sequences and their abbreviations used in this
study. TBA was modified with a (CH2)6NH2 at 5

0, and all other DNAs
were labelled with Atto-647N at 30

TBA 50-TTAGTCCGTGGTAGGGCAGGTTGGGGTGACT-30

DNA1 30-TCAGGCACCATCCCGTCCAACCCCACTGA-50

DNA2 30-AATCAGGCACCATCC-50

DNA3 30-TCAGGCACCATC-50

DNA3-SM 30-TCAGACACCATC-50

DNA-NC 30-ATCGACCAACAT-50

Fig. 2 (A) Fluorescence spectra of QD–TBA5 (40 nM) after hybridization

with DNA3 (200 nM) with different amounts of EB. The QD, EB, and

Atto-647N fluorescence peak at B550, 620 and 665 nm, respectively.

(B) A plot of the Atto-647N to QD fluorescence intensity ratio, IDye/IQD,

as a function of [EB], the data were fitted to a linear function.

Fig. 3 A IDye/IQD vs. [DNA] plot for three different DNA probes, all

data were fitted to linear function.
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The assay was performed by hybridising QD–TBA4 (a 2nd batch,

with each QD conjugated to 4 TBA strands) to 4 mole equivalents

of DNA2 in PBS (with 0.6 mM EB) for 2 h, followed by addition

of different amounts of TB for 0.5 h before the fluorescence

spectra were recorded. DNA2 was used here because it is shorter

than the anti-TB aptamer sequence (15 vs. 29 mer), ensuring that

TB binding can effectively displace it from the TBA–DNA2

duplex. Since FRET only happens over short distances

(ca. o10 nm), any unbound species cannot participate in

FRET and are hence undetected, allowing the assay to be

carried out in a convenient, separation-free format.3–5

The QD fluorescence (B550 nm) was enhanced significantly as

TB was introduced (Fig. 4A), which agrees well with that the

formation of an aptamer–TB complex would detach a DNA2

from the QD–TBA4 conjugate, reducing QD to dye (and EB)

FRET, and leading to QD fluorescence recovery. 100 pM TB

produced a significant enhancement of the QD fluorescence

(see Fig. 4A), suggesting that this sensor has a detection limit

of B30 pM for TB, 2–4 orders of magnitude lower than that of

previous single-donor QD-FRET sensors for TB.4b,5c In fact, this

is one of the most sensitive label-free QD-aptamer FRET based

sensors for protein detection using conventional fluorescence

spectroscopy.3–5 Its sensitivity is also comparable to those of

some recently reported sensitive electrochemical sensors for TB

detection.8 An advantage of this sensor here is its ratiometric

signal, which is effectively insensitive to instrumental noise or

signal fluctuation, allowing for accurate, reliable detection.2,5 The

IQD/IDye ratio increased linearly (R2 = 0.985) with the log[TB]

over the 0.1–10 nM range, suggesting that it can be used to

quantitate pM level TB. We noticed that the Atto-647N signal

did not change much as TB was added, despite a significant

increase of the QD fluorescence, possibly due to not all TBAs on

the QD surface being accessible for TB binding. This observation

is similar to an earlier report of a QD–DNA molecular beacon

based DNA sensor, where target DNA hybridization produced a

significant increase of QD fluorescence but almost no change of

the acceptor dye FRET signal.3j Replacing DNA2 (15 mer) with

the shorter DNA3 (12 mer) in this dual-donor QD-FRET sensor

led to a slightly lower sensitivity for TB (see ESIw, Fig. S7).
In summary, we have developed the first QD–EB dual-donor

FRET system where both the QD and intercalated EBs can FRET

to the dye acceptor, leading to significantly improved E for each

DNA target binding. This sensor can detect sub-nM level labelled

DNA with SNP discrimination ability. By incorporating the anti-

TB DNA aptamer sequence, we have turned it into a sensitive,

label-free protein sensor that can be used to quantitate the pM level

of TB, 2–4 orders of magnitude more sensitive than those of single-

donor QD-FRET based protein sensors.2–5 Extension of this

sensor to other DNA/RNA aptamers9 may allow the development

of a general, sensitive QD-FRET based sensing platform with

broad applications in biosensing, environmental monitoring and

disease diagnosis. Currently, we are focused on further optimising

the QD surface and bioconjugation chemistries to make the sensor

more robust and extend its application to real clinical samples.

We thank the Food and Environment Research Agency

(FERA), the Leeds Biomedical Health Research Centre and

the University of Leeds for funding this project.
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Fig. 4 (A) Fluorescence spectra of the dual-donor FRET sensor with

different [TB] (nM). (B) A plot of the IQD/IDye as a function of [TB].

Inset: a plot of IQD/IDye versus log[TB] over the 0.1–10 nM range fitted to

a linear function. Error bars show standard deviation of two experiments.
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