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Microfluidic Control of Fluorescence Resonance Energy Transfer:

Breaking the FRET Limit**
Chun-yang Zhang and Lawrence W. Johnson*

Fluorescence resonance energy transfer (FRET) is unique in
providing fluorescence signals sensitive to molecular con-
formation, association, and separation in the range of 1-
10 nm.'!’ FRET-based methods such as TagMan and the
molecular beacon assay have been widely used for the rapid
detection of nucleic acids as they do not require separation of
the unhybridized probes from target—probe hybrids;*3 how-
ever, both assays require two doubly labeled probes in close
proximity which are hard to optimize and synthesize. The
sandwich hybridization of donor-labeled oligonucleotide,
acceptor-labeled oligonucleotide, and target oligonucleotides
offers an alternative method for the homogenous assay of
nucleic acids:* but the inherent dependence of FRET
efficiency on Forster distance (R,)!"! prevents the sensitive
detection of long nucleic acids owing to the relatively small R,
value for pairs of fluorescent dyes that are widely separated.
The intervening “optical relay stations” or “midway fluoro-
phores” in DNA oligonucleotides have been employed to
accomplish multistep energy transfer over long distance,”*
but this method is complicated and not practicable for routine
nucleic acid analysis.

Quantum dots (QDs) with unique optical properties such
as size-tunable photoluminescence spectra and relatively high
quantum yield®” have shown promise as useful fluorophores
in FRET-based sensing applications.'>” QD-based FRET
assays have been developed for the detection of proteins and
nucleic acids,'*"! for monitoring the proteolytic activity!'®!
and for probing RNA-peptide interactions.”” Electrical
control of FRET between QDs and fluorescent dyes has
been recently reported by Lupton etal. for the design of
single-molecule optoelectronic switches."® The use of nano-
sensors to precisely control the FRET and further to break the
FRET limit represents a significant challenge in nanotech-
nology. Here we report the microfluidic control of FRET and
breaking of the FRET limit with a QD-based DNA nano-
sensor. We demonstrate that this nanosensor can sensitively
detect long nucleic acids that are separated by a distance far
beyond the useful range of FRET, without the involvement of
a multistep mechanism.
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In our nanosensor the streptavidin-coated 605-nm-emit-
ting QD functions as both a nanoscaffold and a FRET donor
(Figure 1a). The AlexaFluor647-labeled double-stranded
DNAs (dsDNAs) were assembled on the 605QD surface by
specific streptavidin-biotin binding. The binding of DNAs to
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Figure 1. Principle of a QD-based DNA nanosensor. a) Conceptual
scheme of single-QD-based DNA nanosensor. b) Representative traces
of fluorescence bursts from 605QD/25-mer dsDNA/Alexa Fluor647
complexes in a diffusion state. 605QD concentration: 1.0x107°m;
concentration of Alexa Fluor647-labeled 25-mer dsDNA: 1.8x107°m.
c) Representative traces of fluorescence bursts from 605QD/25-mer
dsDNA/Alexa Fluor647 complexes in a microfluidic flow. Flow rate:
4.0 pLmin™'; 605QD concentration: 2.0x 107" M; concentration of
Alexa Fluor 647-labeled 25-mer dsDNA: 3.6 x 107 m.

605QD resulted in the formation of 605QD/dsDNA/Alexa
Fluor647 complexes. Upon excitation with a wavelength of
488 nm, FRET occurred between the 605QD and the Alexa
Fluor647; the fluorescence signals of 605QD and Alexa
Fluor 647 were observed simultaneously. The selection of the
605QD/AlexaFluor647 FRET pair produced negligible
cross-talk between the donor and acceptor emissions, and
the broad absorption band of 605QD allowed sample
excitation at 488 nm without direct excitation of Alexa
Fluor 647 (see Figure S1 in the Supporting Information).
Single-molecule detection of 605QD/25-mer dsDNA/
AlexaFluor647 complexes in a diffusion state (Figure 1b)
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was compared to that in a microfluidic flow (Figure 1c¢) at the
DNA/605QD ratio of 18:1. A few low fluorescence bursts
from AlexaFluor647 were observed from diffusing 605QD/
25-mer dsDNA/AlexaFluor647 complexes (Figure 1b); the
mean FRET efficiency (E) was only (9.10+£0.45)%. In
contrast, more and higher fluorescence bursts from Alexa
Fluor647 were observed in a microfluidic flow, and each
AlexaFluor647 burst had a corresponding 605QD burst
(Figure 1¢). The mean E value of (42.98+0.21)% in a
microfluidic flow was much higher than that from a diffusion
state, suggesting the significant effect of microfluidic flow
upon FRET.

To investigate the microfluidic control of FRET, we
studied the effect of flow rate on the FRET efficiency of
605QD/25-mer dsDNA/AlexaFluor 647 complexes. The auto-
correlation curve of 605QD was measured by fluorescence
correlation spectroscopy (FCS) at different pump speeds. The
flow velocity was obtained by fitting the autocorrelation
curves of 605QD to the FCS-flow model (Figure 2a)."2 A
linear correlation was obtained between the pump speed and
the calculated flow velocity (Figure2b), suggesting the
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Figure 2. Microfluidic control of FRET. a) Normalized autocorrelation
functions calculated from fluorescence intensity trajectories of 605QD
(dotted lines) along with the fits to the flow model (solid lines) at
different flow rates. b) Linearity of flow velocities obtained from
analysis with FCS-flow model versus the applied flow rate through the
capillary. c) Histograms of measured FRET efficiency for 605QD/25-
mer dsDNA/Alexa Fluor647 complexes as a function of increasing flow
rate. The red curves represent the fit of experimental data to Gaussian
function. 605QD concentration: 5.0x107"" M; concentration of Alexa
Fluor647-labeled 25-mer dsDNA: 9.0x 107" m.

accurate tuning of flow velocity by the pump speed (the
flow rate was simply described as the pump speed in this
paper). We generated the histograms of FRET efficiencies (E)
at different flow rates and extracted the mean value of each
histogram by fitting it to a Gaussian distribution. As shown in
Figure 2 c, the mean E value shifted from (33.37 +0.24) % ata
flow rate of 0.5 uL min ' to (44.5440.18) % at a flow rate of
6.0 uLmin !, indicating that the FRET efficiency improved
with increasing flow rate. The calculation of donor-acceptor
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separation distance (r) from the mean E revealed that r
decreased from (129.894+031)A at a flow rate of
0.5uLmin!' to (120.05+£0.22)A at a flow rate of
6.0 uLmin~', suggesting that the enhanced FRET efficiency
was attributed to a flow-induced reduction in donor—acceptor
separation distance, which was caused by the deformation of
DNA molecules in the Poiseuille flow.?! Further increase of
flow rate from 6.0 pLmin~' to 8.0 uLmin~' did not lead to
significant improvement in FRET efficiency (mean E of
44.60 £ 0.16 % at flow rate of 8.0 uLmin "), indicating that the
overall distance between AlexaFluor647 and 605QD had
reached its minimum limit. Further experiments revealed that
the mean E shifted to a lower value when the focus position of
laser beam moved from the center of the capillary to the edge
of the wall (see Figure S2 in the Supporting Information).
This decrease in mean E was consistent with the parabolic
velocity profile of capillary flow, which had its highest flow
velocity in the center of capillary and a lower velocity near the
wall.® These experiments clearly demonstrate that the
FRET between 605QD and AlexaFluor647 can be simply
controlled by varying the flow rate, thus paving the way to
improving the detection sensitivity of the QD-based FRET
assays.

We further employed this QD-based nanosensor to detect
long DNA which had separation distances far beyond the
range of FRET. As a proof of concept, one 50-base target
oligonucleotide was sandwich-hybridized to one 25-base
biotinylated capture probe and one 25-base AlexaFluor 647-
labeled reporter probe to form a 50-mer dsDNA with contour
length of 17.0 nm. After addition of the streptavidin-coated
605QD with a radius of 5.0-7.5 nm,*! the separation distance
between 605QD donor and AlexaFluor647 acceptor was
22.0-24.5 nm, even without taking into account the contribu-
tion of the biotin (Figure 3a). This separation distance is far
beyond the useful range of FRET (2R,=14.3nm);®! in
principle FRET cannot occur between 605QD and Alexa
Fluor647 in this 605QD/50-mer dsDNA/AlexaFluor647
complex. Indeed, this was true for ensemble measurements.
Figure 3b shows that the 605QD fluorescence did not
decrease despite the increase of the ratio of Alexa
Fluor647-labeled dsDNA to 605QD. This indicates that no
FRET occurred between 605QD and AlexaFluor647 in the
605QD/50-mer dsDNA/Alexa Fluor 647 complexes (For com-
parison, the 605QD/25-mer dsDNA/AlexaFluor647 com-
plexes with shorter separation distance displayed distinct
FRET between 605QD and AlexaFluor647 in the ensemble
measurements; see Figure S3 in the Supporting Information).
Surprisingly, in measurements with single-molecule detection
in a microfluidic flow, distinct AlexaFluor647 bursts were
observed in the 605QD/50-mer dsDNA/Alexa Fluor 647 com-
plexes, and each one had a corresponding 605QD burst
(Figure 4a). Consequently FRET did occur between Alexa
Fluor647 and 605QD in the 605QD/50-mer dsDNA/Alexa
Fluor 647 complexes. The average donor—acceptor separation
distance in microfluidic flow was calculated to be (12.60 +
0.70) nm, much shorter than that in the ensemble measure-
ment (22.0-24.5 nm). The breaking of the FRET limit in the
microfluidic flow was thus attributed to the flow-induced
deformation of DNA,!! which put AlexaFluor647 spatially
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Figure 3. FRET limit prevents the detection of 50-mer dsDNA in
ensemble measurements. a) A scheme depicting the separation dis-
tance in the 605QD/50-mer dsDNA/Alexa Fluor 647 complexes in
which the 50-base target oligonucleotide is assembled on the surface
of 605QD by DNA sandwich hybridization. b) Evolution of the fluores-
cence spectra from 605QD and Alexa Fluor647 as a function of the
increasing DNA/605QD ratio in 605QD/50-mer dsDNA/Alexa Fluor647
complexes. 605QD concentration: 3.3x 1078 m; concentration of Alexa
Fluor647-labeled 50-mer dsDNA was varied with the DNA/605QD
ratio as shown.

closer to 605QD. In the control experiments without the
targets, there were only the 605QD bursts from the donor
channel; there were no AlexaFluor647 bursts from the
acceptor channel since there was no dye sandwiched to the
605QD (Figure 4b). Figure 4c showed the histogram of
FRET efficiency as a function of the increasing DNA/
605QD ratio; the mean FE value shifted from (16.06+
0.24) % at a DNA/605QD ratio of 1:1 to (36.76 £0.10) % at
a ratio of 24:1. This was due to the improved FRET efficiency
as a consequence of the increase in the number of dye
molecules per QD.!'? As shown in Figure 4d, the Alexa
Fluor 647 burst counts increased as a function of the increas-
ing DNA/605QD ratio as well, suggesting high sensitivity of
this QD-based nanosensor for detection of extended strands
of DNA. These experiments clearly demonstrate that this
QD-based nanosensor can not only break the FRET limit, but
also distinguish even one copy differences of long target
oligonucleotides that are sandwiched to 605QD.

So far great efforts have been put into precisely control-
ling FRET and circumventing the FRET limit."®* In
addition to the optical approaches of intervening “midway
fluorophores”,”® a micromechanical method has also been
developed,™ but it can only detect single-hybridization
events independent of target concentration, making it unsuit-
able for routine quantitative analysis. In contrast, our method
has the advantage of being technically simpler and suitable
for high-throughput quantitative analysis. This assay can be
easily expanded to microfluidic chips to form a platform for a
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Figure 4. Breaking the FRET limit in a microfluidic flow. a) Representative traces of

fluorescence bursts from 605QD/50-mer dsDNA/Alexa Fluor647 complexes in a micro-

fluidic flow. Flow rate: 4.0 pLmin~"; 605QD concentration: 5.0x 107" m; concentration
of Alexa Fluor647-labeled 50-mer dsDNA: 9.0x 107" M. b) Representative traces of
fluorescence bursts from the control group in the absence of target DNA. c) Histo-
grams of measured FRET efficiency for 605QD/50-mer dsDNA/Alexa Fluor647 com-
plexes as a function of DNA/605QD ratio. 605QD concentration: 5.0x 107" m;
concentration of Alexa Fluor647-labeled 50-mer dsDNA was varied with the DNA/
605QD ratio as shown. d) The variance of Alexa Fluor647 burst counts with the DNA/
605QD ratio. Error bars show the standard deviation of three experiments.
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