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Abstract Single-molecule detection (SMD) and single-
molecule fluorescence resonance energy transfer (smFRET)
were conducted using Cy3- and Cy5-labeled single-strand
DNAs (ssDNAs) either immobilized on substrates or encap-
sulated in microdroplets. High-quality fluorescent images
were obtained using a total internal reflection fluorescence
microscope (TIRFM). In the substrate system, deposition of
a low concentration of fluorescence molecules on substrates
through electrostatic adsorption showed that most of the fluo-
rescence spots were single molecules, and the mean value of
signal to noise ratio (S/N) reached 6.9±0.34. smFRET analy-
sis was conducted through immobilization of donor- and
acceptor-labeled oligonucleotides on substrates. In the droplet
system, fluorophor-labeled oligonucleotides were injected in-
to T-type microfluidics. Single and double fluorophor-labeled
DNA molecules encapsulated in droplets were detected, the
FRET efficiency and inter-dye distance of a single donor-
acceptor pair were measured accurately. smFRET was con-
ducted detailedly in the tortuous channel for the first time.

Keywords Single-molecule detection . TIRFM . Signal to
noise ratios .Microdroplet . smFRET

Introduction

Single-molecule detection (SMD) is a powerful tool for analysis
of interactions between molecules, exhibiting high sensitivity

and specificity compared with ensemble methods. It represents
the determination limit and the ultimate goal of analytical chem-
istry [1–4], and has therefore drawn increasing attention in phys-
ics, chemistry, and biology since detection of activity of single-
molecule β-D-galactosidase was demonstrated in 1961 [5].

Several microscopies can be applied to detect single mole-
cules. One is epifluorescence microscopy (EFM), which was
able to detect single molecules once fluorescence markers
with high fluorescence intensity became available [6–8].
Confocal fluorescence microscopy (CFM), a high-resolution
microscopic imaging technique, tremendously diminished
fluorescence interference adjacent to the observation point,
allowing for improved S/N [3, 8–10]. Total internal reflection
fluorescence microscopy (TIRFM) is able to generate a thin
field of illumination while reducing background signal by
generating an evanescent wave within a thickness of less than
200 nm, dramatically. Another technique, stochastic optical
reconstruction microscopy (STORM), is a super-resolution
technique based on photoswitchable fluorescence molecules
and using a focus-lock system. This technique has broken the
diffraction limit of optical resolution, and could theoretically
achieve precise location of a single molecule [11–14].

Fluorescence resonance energy transfer (FRET) has been
widely used to study the dynamics and structure changes of
DNA [15, 16], RNA [17, 18], and proteins [19–21] in ensem-
ble measurements. However, the fluorescence signals obtain-
ed from ensemble experiments are limited as they reflect the
average characteristics of all the molecules, and thus are un-
able to monitor interactions and comformational changes of
individual molecules. To address this limitation, single-
molecule fluorescence resonance energy transfer (smFRET)
was developed [22]. Samples for SMD could be separated
according to their environments, including those in solution
[1, 23–25], on substrates [26–28], in cell [29–31], and in
droplets [32–36]. Most smFRET studies to date have utilized
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immobilized samples on substrates tethered through the strong
interaction of biotin and streptavidin [37–40], while there are
fewer studies using samples in microdroplets [41].

In this report, we conducted SMD and smFRETusing sam-
ples either immobilized on substrates or encapsulated in
microdroplets under a TIRFM system. Dye-labeled oligonu-
cleotides were detected at the single molecule level with high
S/N and FRETefficiency. In addtion, the inter-dye diatance of
a single donor-acceptor pair could be calculated precisely
through smFRET.

Experimental

Reagents and Materials

Sylgard 184 silicone elastomer kit was purchased from Dow
Corning, U.S.A. Optical detergent (elc A25) was purchased
from Tegent Scientific Ltd. Coverslips (0.13–0.17 mm thick)
were purchased from Thermo Fisher Scientific. Cy3- and Cy5-
labeled oligonucleotides, 5′-Cy3-ATATATTATTCCCTA-(biotin)-
3′ and 5′-Cy5-TAGGGAATAATATAT-3′, were synthesized by
Sangon Biotech (Shanghai). APTES was purchased from
Aladdin. Sulfo-NHS-biotin was purchased from Sangon Biotech
(Shanghai). Streptavidin (STV) was purchased from Amresco.
PBS (10 mM, pH 7.4), D-gluocose, gluocose oxidase, catalase,
and trolox were purchased from Sigma Aldrich. Ultrapure water
(18.2 MΩ.cm−1, Milli-Q Academic, Merck) was used throughout
the experiment.

Instrument

Single-molecule fluorescence detection was conducted under
objective type of total internal reflection fluorescence micro-
scope (TIRFM, IX81, Olympus, Japan) equipped with a high
sensitive EMCCD (Evolve 512 Delta, Photometrics,
America). A Dual-viewTM imager (Photometrics) was

inserted between microscope and EMCCD for imaging of
dual-color fluorescence. With the proper Dual-viewTM filter
set (Cy3 barrier filter 585 nm, Cy5 barrier filter 680 nm), the
signals of Cy3 and Cy5 were separated well with minimal
crosstalk. The schematic diagram of the setup based on
TIRFM was illustrated as Fig. 1.

Elimination of Fluorescence Impurities

Coverslips were cleaned as described by others [42, 43] with
some modifications. In brief, the coverslips were immersed in
elc A25 (1 %, v/v) and sonicated for 15 min. The cleaned
coverslips were transferred to piranha solution (H2SO4:
H2O2=3:1, v/v), and sonicated for about 15–20 min after
cooling down to room temperature. Next, the coverslips were
flushed with ethanol and water several times, and dried with
nitrogen gas.

Identification of Single-Molecule Fluorescence

SMD was conducted on coverslips modified with 1 % (v/v)
APTES using a T-type microfluidic with three inlets and one
outlet (as shown in Fig. 2). Dye-labeled ssDNA and PBS
buffer served as the dispersed phase, and hexadecane with
1 % span 80 (v/v) as the continuous phase. The exposure time
was 100 ms, and the enhanced value of EMCCD was set to
240.

Signal to Noise Ratio Analysis

In order to obtain unambiguous single-molecule fluorescence,
it is necessary to decrease the background of the sample in
order to enhance S/N. The intensity of background fluores-
cence was subtracted throughout all of the fluorescence inten-
sity analyses.

Fig. 1 Schematic diagram of
single-molecule dual-color
imaging system including an
objective type of TIRFM, a green-
red laser combiner, and a Dual-
viewTM imager
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Single-Molecule Fluorecence Resonance Energy Transfer
(smFRET)

Cy3- and Cy5-labeled ssDNAs were hybridized through
heating at 94 °C for 3 min, then cooling down to room
temperature slowly. During smFRET, the 532 nm laser
that excites Cy3 was turned on and the 635 nm laser
exciting Cy5 was only used to confirm the presence of
Cy5 molecules. The dual-view imaging system was used
to record smFRET.

DsDNA (15 bp) with one strand modified with biotin
at one end was immobilized on the substrate through
biotin-streptavidin interaction, and smFRET was conduct-
ed as illustrated in scheme 1. In brief, the sample chamber
was prepared by coupling a coverslip with a PDMS chip
(one inlet and one outlet) through plasma treatment. First,
APTES (1 %, v/v) was introduced into the channel to coat
the coverslip. Then 1 mg/ml sulfo-NHS-Biotin was
injected into the channel, followed by introduction of

0.25 mg/ml STV. Finally, 50–100 pM biotinylated duplex
DNA with a single donor-acceptor pair was injected to
interact with STV. In each step of the procedure, the re-
agents were incubated for 5–15 min at room temperature,
and the channel was flushed with PBS buffer. In order to
minimize photobleaching, smFRET was imaged in the
presence of an oxygen scavenger system with triplet
quencher containing 0.8 % (w/v) D-gluocose, 1 mg/mL
glucose oxidase, 0.04 mg/mL catalase, and 2 mM trolox
[40, 44].

Alternatively, smFRET was conducted in a T-type
microfluidic (Fig. 2). Cy3- and Cy5-labeled ssDNA served
as disperse phases, and hexadecane with 1 % span 80 (v/v)
as continuous phase. Complementary dye-labeled ssDNAs
were encapsulated and hybridized in droplets.

The FRET efficiency was calculated using E ¼ IA
IAþID

⋅
Where E represented the FRET efficiency. IA was defined
as fluorescence intensity of the acceptor, and ID was fluo-
rescence intensity of the donor [39]. The distance of do-

nor and acceptor was calculated using R ¼ R0
6

ffiffiffiffiffiffiffiffiffiffi

1
E −1:

q

Where R represented the distance between donor and ac-
ceptor, and R0 was defined as Foster radius [37], which is
about 6 nm for Cy3 and Cy5 [45].

Results and Discussion

Elimination of Fluorescence Impurities on Coverslips

As shown in Fig. 3a, we detected several fluorescence
spots on coverslips prepared according to previously re-
ported methods [42, 43]. Thus, we used an optical deter-
gent to clean the coverslips followed by sonication in
piranha solution. This procedure significantly decreased
the surface impurities (Fig. 3b). We tested other ap-
proaches to decrease background fluorescence, including
filtration of buffer and prebleaching of coverslips, but
found this technique most effective (data not shown).

Fig. 2 Structure chart of
microfluidic with three inlets a, b,
and c and one outlet d. A and B
served as dispersed phases, and C
as continuous phase. The width
and depth of channel were 50 μm

Scheme 1 Schematic diagram of single-molecule fluorescence
resonance energy transfer (smFRET)
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Detection of Single-Molecule Fluorescence on Glass
Substrate

SMD on Glass Substrate

A 532 nm and a 635 nm laser were applied to excite Cy3 and
Cy5, respectively. Cy3 (Fig. 4a) and Cy5 (Fig. 4b) at different
concentrations were deposited on APTES-modified coverslips

through electrostatic adsorption, and the number of fluorescence
spots increased linearly with increased concentration (Fig. 4c).

It is important to determine if observed fluorescence spots
contain only one molecule or two or more. This cannot be reli-
ably determined from the fluorescence image itself. Generally,
photobleaching of a fluorescing spot containing a single mole-
cule should occur in a single step rather than two or more [46,
47]. Stack images of Cy3 and Cy5 were recorded by using

Fig. 3 Images of coverslips
cleared by piranha solution
without a and with b optical
detergent

Fig. 4 Fluorescence images of Cy3 and Cy5 at different concentrations.
a, a-d are representive images of Cy3 concentrations of 0.002, 0.005,
0.015, and 0.05 nM, respectively. b, a-d are representive images of Cy5
concentrations of 0.01, 0.05, 0.1, and 0.2 nM, respectively. c,

Relationship between the number of fluorescence spots and the
concentrations of fluorescence molecules. Left and right represent Cy3
and Cy5, respectively
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EMCCD. Figure 5 shows the fluorescence intensities of fluores-
cence spots during 300 continuous frames. Photobleaching of
observed single fluorescence spots did not all occurr in a single
step. In the experiment, 145 single fluorescence spots of each
dye were selected randomly. For the Cy3 molecules, one hun-
dred and thirty-seven (~94.5 %) fluorescence molecules were

photobleached in a single step while the rest were in two or
multiple steps. For Cy5, one hundred and thirty-eight
(~95.2 %) fluorescence molecules showed photobleaching in a
single step, and the others in two or multiple steps. The results
illustrated around 95 % of the Cy3 and Cy5 fluorescence spots
were single fluorescence molecules.

Fig. 5 Photobleach curves of fluorescence molecules. a and b represent single andmulti-step photobleaching of Cy3, c and d represent single andmulti-
step photobleaching of Cy5, respectively. The laser power of 532 and 635 nm was about 0.45 mW

Fig. 6 Distribution of time required for photobleaching of Cy3 a and Cy5 b fluorescence molecules on substrate at the laser power of 0.45 mW
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Statistics of time distribution for photobleaching of Cy3
and Cy5 fluorescence molecules are illustrated in Fig. 6. The
average time for Cy3 photobleaching (14.32±0.91 s) was lon-
ger than for Cy5 (8.32±0.91 s).

smFRET Immobilized on Substrates

As illustrated in scheme 1, the protocol of smFRET on glass
substrates used a stepwise reagent depositon to keep the sam-
ple from drying and allow proper concentration for imaging.
As shown in Fig. 7a, dually labeled DNAwith Cy3 and Cy5
was adsorbed on modified glass substrate and images were
obtained with TIRFM. In Cy3 and Cy5 channels, there were

several green and red spots, respectively. The two color im-
ages were overlaid to generate the composite image (right).
Representative single-molecule time trajectories obtained
from yellow spot are illustrated in Fig. 7b; the negative corre-
lation of fluorescence intensities between donor and acceptor
indicated FREToccurrence. The fluorescence intensity of Cy5
showed a sudden drop at about 20 s, which corresponded to
photobleaching of the acceptor, at which point the
fluorescense intensity of Cy3 increased. At about 36 s, the
fluorescence intensity of Cy3 dropped down, indicating
photobleaching of the donor.

Figure 7c shows the FRET efficiency over time based on
Fig. 7b. FRET efficiency measured from different donor-

Fig. 7 FRETanalysis of Cy3 and Cy5 immobilized on glass substrate. a
Fluorescence images obtained with TIRFM under excitation of Cy3 only.
b Single-molecule time trajectories of fluorescence intensities for Cy3

and Cy5. c FRET efficiency of b. d Histogram distribution of the
summarized FRET efficiencies. e Donor-acceptor distance histogram
distribution calculated based on values in d. The scale bar was 5 μm
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acceptor fluorescence spots exhibited normal distribution with
a mean value of 0.51±0.03 (Fig. 7d). The distance of donor
and acceptor could be calculated based on FRET efficiency
(E) and Forster radius (R0) using the given equation (Fig. 7e).
The distances were determined to follow a normal distribution
with a mean value of 5.95±0.30 nm.

Signal to Noise Ratio Analysis

In order to interpret fluorescence images, it is necessary to
maximize S/N. As shown in Fig. 8a, single fluorescence spots
dispersed well on the substrate surface. Figure 8b showed S/N
of 23 fluorescence molecules from the image shown in

Fig. 8a. The maximum S/N was 11.9, the minimum 3.9, and
the mean 6.9±0.34 (much higher than 3.0). The result indicat-
ed favourable S/N for single-molecule fluorescence analysis.

Detection of Single-Molecule Fluorescence
in Droplets

SMD in Droplets

Single Cy3 and Cy5 fluorescence molecules were encap-
sulated in droplets (Fig. 9). On excitation, Cy3 and Cy5
could be observed as green (Fig. 9a) and red (Fig. 9d)

Fig. 9 Detection of single-molecule fluorescence in droplets. a and d,
Fluorescent field images of a single Cy3 and Cy5 molecule encapsulated
in droplets. b and e, Bright field images of the droplets in a and d,

respectively. c and f, the fluorescence intensity trajectories for a single
Cy3 and Cy5 molecule. The scale bar was 1 μm

Fig. 8 Signal to noise ratio of
fluorescence molecules. a
Fluorescence spots obtained
through objective TIRFM. b
Distribution of S/N calculated
from fluorescence spots after the
background intensity was
subtracted
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fluorescence spots, respectively, which appeared as black
spots under the bright field (Fig. 9b and e). We observed
that nearly all the fluorescence spots were located at the
water/air interface of droplets, possibly due to certain ab-
sorptive effects. Single step photobleaching curves con-
firmed that the fluorescence spots encapsulated in droplets
were single Cy3 (Fig. 9c) or Cy5 (Fig. 9f) molecule. The
fluorescence intensity of Cy3 dropped sharply at about
23 s, while Cy5 at about 8 s.

Figure 10 shows the time distributions for photobleaching
of Cy3 and Cy5molecules encapsulated in droplets. Themean
time for photobleaching of Cy3 was 13.48±0.20 s, and for
Cy5 8.12±0.20 s, which were comparable with those mea-
sured from fluorophores immobilized on substrates.

smFRET in Droplets

To enhance mixing of Cy3 and Cy5 solutions in the
microchannel, a winding channel was designed and tested
(Fig. 11). We found that this channel allowed better mixing
of the solutions in droplets compared to the straight channel.

This was confirmed by performing a series of flow rate ratios
of continuous and dispersed phase (data not shown).

Hybridization between two complementary ssDNAs took
about 1–2 h both on substrate or in static solution, however,
previous reports that such hybridization could be completed
much faster in fluidic flow or microdroplets [41, 48, 49] at
room temperature. Figure 12 shows smFRETof droplets gen-
erated through a T-type microfluidic as illustrated in Fig. 11b.
The images of single Cy3 and Cy5 molecules were acquired
through fluorescent fields (Fig. 12a). Within the view of Dual
viewTM imaging system, a single fluorescence spot was ob-
served in the Cy5 view channel when the sample was excited
solely by 532 nm laser, an indicative of FRET (BCy5 channel^
in Fig. 12a). The yellow spot in the composite image
(BOverlay^ in Fig. 12a) confirmed occurrence of FRET as
well. The negative correlation of fluorescence intensities be-
tween donor and acceptor is illustrated in Fig. 12b. During the
first 4 s, the fluorescence intensity of Cy5 was much higher
than Cy3, which indicated a high FRET efficiency (more than
0.6, seen in Fig. 12c). Then, a sudden drop in Cy5 intensity
was accompanied by a sharp rise of Cy3 intensity. At about
26 s, the fluorescence intensity of Cy3 declined due to

Fig. 11 Water in oil droplets
were generated through a T-type
microfluidic with straight a or
winding b channels. The gray and
transparent solutions were red
food dye solution and water,
respectively. The flow rates of
continuous and disperse phases
were 5, 0.5, and 0.5 μL/min. The
exposure time was 0.1 ms

Fig. 10 Histograms of phtobleaching time for Cy3 a and Cy5 b in droplets at the laser power of 0.45 mW
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photobleaching. FRET efficiencies acquired from different
fluorescence spots followed a normal distribution with a mean
value of 0.49±0.03 (Fig. 12d). The distances between donor
and acceptor were calculated based on FRET efficiencies of
Fig. 12d, with an average value of 6.04±0.15 nm (Fig. 12e).

Conclusions

The detection of single-molecule fluorescence requires im-
provements to the S/N to obtain unambiguous sample spots.
TIRFM with an evanescent wave of less than 200 nm showed
excellent features for SMD. The results showed that more than

90 % of the fluorescence spots were single molecules as con-
firmed by single-step photobleaching. Photobleaching of Cy5
occured more quickly than that of Cy3, consistent with previ-
ous results [50, 51]. smFRETwas investigated using Cy3 and
Cy5 as the donor-acceptor pair with a TIRFM system. The
excitation spectral separation is large (~100 nm) and both
fluorophores are relatively photostable in an oxygen-free en-
vironment [40, 51].

SMDwas conducted through both immobilization of target
molecules on substrate surface and encapsulation of the target
molecules in microdroplets formed in a microfluidic channel.
In the former, samples were deposited on APTES-modified
substrate through electrostatic or biotin-STV interaction. In

Fig. 12 A representative FRET of a single donor-acceptor pair of Cy3
and Cy5 in a droplet. a Fluorescence images under Cy3 excitation. b
Single-molecule time trajectories of fluorescence intensities of Cy3 and

Cy5. c FRETefficiency of (b). dHistogram distribution from summarized
FRET efficiencies. e Histogram distribution of distances between donor
and acceptor calculated based on d. The scale bar was 1 μm
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the latter, dye-labeled oligonucleotides were injected into
microfluidic channel and encapsulated in single droplets for
detection. The results showed that the smFRET microscopic
imaging system could detect FRET at the single molecule
level, and determine the distance between donor and acceptor
precisely. There are several critical factors for smFRET imag-
ing, such as concentration of sample and deposition agents,
incubation time and photostability of fluorescence molecules.

In this work, the FRET pair of Cy3 and Cy5 were used to
label two ssDNAs with a separation of 15 bases, which should
correspond to a contour length of about 5.1 nm for B-form
DNA. However, the calculated distances between these
fluorophores were 5.95±0.30 and 6.04±0.15 nm when the
target molecule were immobilized on substrates and encapsu-
lated in droplets, respectively. This discrepancy (~1 nm) may
be due to the orientation and arm sizes of the labeled dyes,
which are two important factors for short DNAs [37].
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