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Abstract We report a novel microfluidic system that is

capable of rapidly detecting DNA and its mutants in

microfluidic droplets, in addition to elucidating the

dynamic hybridization process. This microfluidic picoliter

droplet analysis system is able to overcome the limitations

of conventional analytical techniques that utilize immobi-

lized sensing probes on a substrate. Molecular beacon

(MB), a fluorescence resonance energy transfer (FRET)

molecule, was used as the DNA sensing probe in picoliter

droplets. The MB-DNA duplex formation process was

analyzed by the change in FRET signal, which was

acquired by the time-resolved method: converting distance

traveled to hybridization time. This technique demonstrates

the ability to detect presence of target nucleic acids within

few seconds, multiplex DNA samples in microdroplet, and

distinguish single nucleotide polymorphisms. It is promis-

ing for analyzing biomolecules or reactions, such as

mRNA, cells, enzymatic activity, and protein folding

whose analysis requires rapid mixing and small volume.

Keywords Microdroplet � Molecular beacon � FRET �
DNA analysis � Time-resolved � SNP

1 Introduction

DNA hybridization is extensively applied in medicine for

diagnosing genetic diseases and gene sequencing (Livak

1999; Syvanen 2001). Analysis of DNA sequences with

single nucleotide polymorphism (SNP) is one of the major

methods for diagnosing genetic diseases. Microarray

(Lipshutz et al. 1999; van’t Veer et al. 2002), quartz crystal

microbalance (QCM) (Caruso et al. 1997; Okahata et al.

1998) and surface plasmon resonance (SPR) (Thiel et al.

1997; He et al. 2000) are examples that have been devel-

oped to analyze DNA hybridization, sequencing and SNP.

However, these methods are often carried out in bulk

solutions with immobilized sensing probes on the substrate

surface, which is dependent on the passive diffusion of

DNA samples toward the sensing probes. The limited

solid–liquid diffusion greatly hinders the hybridization rate

of target DNA and sensing probe. Thus, the hybridization

time for DNA and immobilized-probe normally takes from

several hours to overnight (Peterson et al. 2001; Jobs et al.

2002). Additionally, conditions of sensing probes, such as

the random immobilization density, electrostatic hindrance

and the length of DNA probes on the substrate will all

compromise the precision of dynamic readings (Steel et al.

2000; Peterson et al. 2001; Wong et al. 2005). Moreover,

the stringent rinsing processes are also normally required

after the hybridization process to remove non-specific

binding. It further increases the whole process time.

Therefore, it is important to develop a DNA analysis assay

which is an easy, faster, accurate and low sample con-

sumption method for multiplex DNA analysis.

Because of the small dimensions of the microfluidic

system, the flows with low Reynolds number are always

laminar. The diffusion distance was also greatly reduced in

microfluidic channel. These unique intrinsic properties of
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microfluidic system contribute to the easily control of

liquid behavior in microfluidic channel. Therefore, micro-

fluidic based techniques were applied to overcome the slow

hybridization problem caused by the diffusion-limited

solid–liquid reaction, and further accelerate nucleic acid

hybridization (Sanders and Manz 2000; Lagally et al. 2001;

Sia and Whitesides 2003). Mixing in laminar flow system

occurs by diffusion alone, which can result in unacceptable

long mixing times (Kamholz et al. 1999; Liu et al. 2000).

Moreover, uneven dispersion of DNA samples in solution

and contamination on microfluidic channel surfaces can

spoil accurate quantitative analysis. The DNA sample

dispersion in continuous microfluidic system hinders the

application of this technique for in situ multiplex DNA

sample detection, and different concentrations of DNA

sample analysis. Surface treatment is usually required to

avoid DNA contaminants in the microfluidic channel.

The monodispersed picoliter microfluidic droplet gen-

eration system developed by our group and others (Tice

et al. 2003; Tan et al. 2004; Hsieh et al. 2005; Teh et al.

2008) can serve as a promising micro-reactor for biological

and chemical assays. It employs pressure-driven flow to

inject aqueous solutions into aqueous immiscible solutions

and form picoliter microdroplets. The biological or chem-

ical reagents are all encapsulated in microdroplets and each

droplet is isolated by the immiscible liquid (e.g. mineral

oil), thus greatly reducing sample contamination on the

microchannel side walls and eliminating reagent dispersion

problems. The system is useful not only for DNA sample

identification, but also for quantitative analysis. The

liquid–liquid reaction rate of DNA hybridization in

homogeneous liquid is about 40-fold faster than the

hybridization rate in a solid–liquid interface (Gao et al.

2006). Hence, it is advantageous to improve the DNA

sample/sensing probe hybridization rate using this tech-

nique rather than the conventional immobilized-probe

approach. Compared to conventional microfluidics with

continuous laminar flows, the microdroplet allows rapid

mixing among reagents in droplet (Tice et al. 2003). The

microdroplet formation system that we developed is

capable of generating over five hundred monodisperse

droplets per second with a size deviation of less than 2%

(Tan et al. 2004). However, because of the fundamental

differences between the microdroplet generation system

and other conventional techniques, a liquid–liquid reaction

based DNA sensing probe is needed to conduct DNA

detection in microdroplets.

The distinctive biomolecular recognition and signal

transduction capabilities of molecular beacons (MB)

(Tyagi and Kramer 1996) have increasingly been applied to

many medical diagnosis applications (Chen and Kwok

1997; Piatek et al. 1998) and biological assays, including

genotyping for SNP (Kwok 2001; Syvanen 2001),

multiplex genetic analysis (Marras et al. 1999; Vet et al.

1999), quantitative PCR (Vogelstein and Kinzler 1999;

Chen et al. 2000), enzymatic reaction of proteins (Fang

et al. 2000; Tung et al. 2000), and detection of mRNA in

living cells (Sokol et al. 1998; Tsuji et al. 2000; Fang et al.

2002). MB is a class of fluorescence resonance energy

transfer (FRET) molecules that are synthesized in a hairpin

structure with stem and loop portions. The closed hairpin

structure brings the donor fluorophor and quencher in close

proximity to one another and thus quenches fluorescence.

When the MB probes encounter complementary target

DNA, the hairpin structure will open and the fluorescence

is restored. The FRET mechanism is based on the non-

radiative transfer of excitation from a donor fluorophor to

an acceptor, and thus depends on the distance between the

donor and acceptor, their relative orientation, and donor

excited state lifetime. These outstanding properties enable

FRET to be a sensitive label-free DNA detection probe in

biological systems (Stryer and Haugland 1967; Dosremedios

and Moens 1995; Deniz et al. 1999). The transition process

between quenched and fluorescent states allows observation

of bound and unbound target nucleic acids (Bonnet et al.

1999).

In order to achieve rapid DNA detection in homoge-

neous liquid phase with single nucleotide mismatch

sensitivities, we used MB as the DNA sensing probe in

the microdroplets. The target DNA and MB were all

encapsulated in monodispersed picoliter droplet emul-

sions to reduce sample volume and to enhance the DNA

detection efficiency. In this paper, we demonstrate a fast

DNA sample and mutant detection in a few seconds, and

evaluate dynamic MB-DNA duplex formation using

label-free DNA analysis in microdroplet (LFDAM)

system.

2 Materials and results

2.1 Wild and mutant DNA samples

It has been shown that females with abnormalities on

BRCA1 and BRCA2 genes are prone to breast cancer and

ovarian cancer (Shattuck-Eidens et al. 1995). The BRCA1

gene was chosen to demonstrate the rapid label-free DNA

detection in the microdroplet platform. The target DNA,

SynBRCA1, used in this research has the middle 21

nucleotides of the sequence of wild type BRCA1 gene. The

sequence of SynBRCA1 is listed in Table 1. The

MB-BRCA1 is the molecular beacon probe designed to

detect SynBRCA1 existence in solution. The loop portion

of MB-BRCA1 has a complementary sequence to Syn-

BRCA1. MB-BRCA1 was synthesized with Cy3 labeled at

its 50-terminus as the fluorophor and black-hole-quencher2
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(BHQ2) coupled to its 30 terminus as the quencher for the

FRET effect as shown in Fig. 1.

In order to have sensitive and selective MB probes for

hybridization analyses, the designed MB is required to

have a high signal-to-noise ratio (SNR). SNR was calcu-

lated as

SNR ¼ ðIo � IbÞ
ðIc � IbÞ

; ð1Þ

where Ib, Io, and Ic correspond to the intrinsic fluorescence

of MB in a buffer solution alone (background), fluores-

cence response of a MB in the presence (open-state) or in

the absence (close-state) of the DNA target, respectively.

BHQ2 is a novel quencher which can greatly reduce the

fluorescence from Cy3, and thus a higher SNR value can be

reached. The metal ion concentrations and the pH in

working buffer for MB and nucleic acids hybridization will

affect the optimal SNR of MB. In addition, the charge and

radius of metal ions affects the stabilization of the newly

formed MB-DNA duplex (Yao and Tan 2004). In order to

have strong, sensitive and accurate fluorescence signals to

observe the fluorescence change of MB during nucleic acid

hybridization process, the SNR of MB-BRCA1 had to be

optimized to achieve maximum value. The SNR of

MB-BRCA1 after hybridizing with SynBRCA1 (cDNA)

was optimized by adjusting the pH and metal ion concen-

trations (Tyagi and Kramer 1996). The optimized buffer

conditions for MB-BRCA1 and SynBRCA1 are 10 mM

Tris–HCl, 5 mM MgCl2, and 50 mM KCl (Sigma-Aldrich,

MO) in pH 8.3 at room temperature. All working buffers

used in this research were implemented in this optimized

condition, if not explicitly mentioned.

As listed in Table 1, seven different sequences of oligo-

nucleotides were synthesized as DNA samples for evaluating

the selectivity and sensitivity of the designed molecular

beacon probe. The SynBRCA1 is the complementary ssDNA

(cDNA) for designed molecular beacon probe (MB-

BRCA1). Strands with SNP, double nucleotide polymor-

phism’s (2NP), and triple nucleotide polymorphism’s (3NP),

have been synthesized to understand how the number of

mutations affects hybridization kinetics. To further evaluate

the influence of the location of mutation points on the nucleic

acid, two different SNPs and 2NPs were synthesized. SNP-M

and SNP-E stand for the mutation at the middle and end of

SynBRCA1 sequence respectively. The sequence of 2NP-M

has both mutations at the middle, and the sequence of

2NP-ME has one point mutation in the middle and the other

at the end of the SynBRCA1 sequence. The 3NP has all three

mutations at the middle of the SynBRCA1 sequence. Non-

specific ssDNA (NS-DNA), HepCV, is 25 nucleotides long,

and has a portion of the wild type Hepatitis C virus gene

sequence. All oligonucleotides were acquired from Inte-

grated DNA Technologies, Inc (Coralville, IA).

2.2 Reagents and solutions

Mineral oil (Fisher Scientific, NH) used in this experiment

contains 0.5% of Sorbitan Monooleate (Sigma-Aldrich,

MO). Fluo-4 (Molecular Probes, CA) and CaCl2 (Fisher

Scientific, NH) were used to verify the completion of the

Table 1 The sequences of

designed molecular beacon

probes, target oligonucleotides,

mutants, NS-DNA

The underlined sequence is the

MB-DNA hybridization

sequence. The lowercase

symbol indicates mutation point

Name Sequence

MB-BRCA1 50-Cy3-CCTAGCC-CCTATGTATGC

TCTTTGTTGT-GGCTAGG-BHQ2-30

SynBRCA1 50-TAAC-ACAACAAAGAGCATACATAGG-GTTT-30

SNP-M 50-TAAC-ACAACAAAGAaCATACATAGG-GTTT-30

SNP-E 50-TAAC-ACAACAAAGAGCATACATgGG-GTTT-30

2NP-M 50-TAAC-ACAACAAAGAatATACATAGG-GTTT-30

2NP-ME 50-TAAC-ACAACAAAGAaCATACATgGG-GTTT-30

3NP-M 50-TAAC-ACAACAAAGgatATACATAGG-GTTT-30

HepCV 50-AA-GGTCGTCCTGGCAATTCCGGT-CC-30

MB-HepCV 50-FAM-CCGAGC-ACCGGAATTGC

CAGGACGACC-GCTCGG-BHQ1-30

Fig. 1 Molecular beacon will emit fluorescence once it meets the

complimentary DNA of the loop sequence
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reagent mixing time point in the droplets. Fluo-4 is a Ca2?

indicator and emits fluorescence once it meets Ca2?

ions(Gee et al. 2000). Therefore, it is used to verify mixing

completion inside droplets. All water used during the

experiment was purified by NANOpure Water System

(Thermo Fisher Scientific, MA) with a water resistance

higher than 18.2 MX-cm and autoclaved. All buffer com-

ponents were nuclease-free, and all dilutions and centrifuge

microtubes were also purified by autoclaved, nuclease-free

water.

2.3 Digital microfluidic device

The microfluidic channel was fabricated in poly-

dimethylsiloxane (PDMS) elastomer (Sylgard 184 from

Dow Corning, Midland, MI) using the soft-photolithogra-

phy technique (Duffy et al. 1998). PDMS has excellent

transparent optical properties and does not auto-fluoresce

as most plastics do (Duffy et al. 1998), making it an ideal

material for fluorescence analysis platforms involving

biochemical reactions. The PDMS microchannel was

bonded to a microscope cover slide after surface treatment

of oxygen plasma. The reagents and samples were driven

into the microchannel via polymer tubing (Tygon

Microbore, OH) and nanoliter precision syringe pumps

(Harvard Apparatus, MA).

The schematic layout of the microfluidic droplet system

for label-free DNA analysis is shown as Fig. 2. ‘‘A’’ is the

inlet of DNA samples, e.g. SynBRCA1, SNP-M, etc., and

‘‘B’’ is the inlet of sensing probe, e.g. MB-BRCA1. ‘‘C’’ is

the inlet of aqueous immiscible continuous phase, which

was mineral oil in this research. ‘‘D’’ is the narrow multi-

microchannel design to filter out PDMS debris or impuri-

ties. ‘‘E’’ is the break-off point, where the two merged

laminar streams from A and B are broken off by shear

forces from mineral oil to form microdroplets. ‘‘F’’ is the

rapid mixing region; the U shape channel with sawtooth

edges is designed to accelerate the mixing efficiency of

reagents inside microdroplets. ‘‘G’’ is the distance marker

which is used to indicate the location of droplets in the

microchannel. The width and height of the microchannel in

the mixing region are 50 and 75 lm respectively. The

channel width was increased from 50 to 120 lm after the

mixing region to reduce the droplet’s moving speed. By

doing so, the fluorescence intensity during signal acquisi-

tion can increase. ‘‘H’’ is the MB and sample ssDNA

hybridization region, and ‘‘K’’ is the outlet of all fluids. The

total length of microchannel from mixing region to outlet is

94.5 mm.

2.4 Instrumentation

We used a monochrome high-resolution deep cooled

camera (Orcaerga, Hamamatsu USA, CA) as the fluores-

cence detector. Another monochrome high-speed camera

system (Photron USA, CA), used for observing microdro-

plet generation and measuring droplet velocity, was also

mounted to the Olympus inverted microscope system

(IX51, Olympus USA, CA). The band pass filters sets, i.e.

excitation filters, dichroic beam splitters, and long-pass

emission filters, for both Cy3 and FAM fluorescence

detection were all purchased from Chroma (Rockingham,

VT). ImagePro Plus software (MediaCybernetics Inc., MD)

was used for fluorescence data analysis.

3 Results and discussion

The two streams from inlets A and B merge into the main

stream, which is then cut off by shear forces from the side oil

streams, resulting in the formation of monodisperse picoliter

droplets at point E of Fig. 2, and it is shows in Fig. 3a. The

flow rates of the DNA sample, MB and mineral oil are 1.6,

1.6 and 1.5 ll/min respectively. The DNA samples and MB

are encapsulated inside the microdroplet, and while the

microdroplet is traveling in the sawtooth edged serpentine

channel configuration (Fig. 3b), chaotic advection flow

occurs within the droplet (Song and Ismagilov 2003; Liau

et al. 2005; Muradoglu and Stone 2005) and allows the DNA

sample and MB-BRCA1 to mix rapidly. In Fig. 3c, we can

see the droplets traveling in the ‘‘hybridization’’ region

(I region in Fig. 2) where MB and DNA samples interact

and bind to each other. The microdroplet generation rate was

measured by the high-speed camera to be 377 droplets/s.

The droplets are monodispersed, and the size deviation is

less than 2%, as reported (Tan et al. 2006). The droplets are

nominally 64 lm in diameter, or 137 picoliters in volume. In

Fig. 3d, it illustrates the concepts of LFDAM system. The

the DNA and MB were first encapsulated inside droplets

then allowed to rapidly mix together. MB restores fluores-

cence after hybridizing with cDNA, and the fluorescence

emits from MB was gradually increasing from the upstream

to the downstream.

In order to verify completion of reagent mixing in

droplets, the rapid fluorescent reaction of Fluo-4 (50 lM)

and Ca2? (150 lM) was used as an indicator under the
Fig. 2 Schematic of monodispersed picoliter emulsions generation

device with mixing and hybridization regions
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same flow rate conditions. Once Fluo-4 meets Ca2?, it will

emit strong fluorescence. This reaction time is less than a

few microseconds (Gee et al. 2000) and thus negligible.

The fluorescence intensity achieves a maximum and

remains constant once reagents are thoroughly mixed. The

mixing completion time in the droplet is Tm = Lm/Vm,

where Lm is the traveled distance of the droplet from the

break-off point and Vm is droplet velocity measured in the

mixing region. As show in Fig. 4a–c, after the tenth turn of

the sawtooth edged microchannel, the Fluo-4 fluorescence

saturated and remained constant thereafter. Since Lm is

1,835 lm, and Vm is 21,094 lm s-1, the mixing comple-

tion time Tm was calculated to be 87 ms. Thus, we

designate this location as the starting point of DNA

sample-MB duplex formation or DNA sample-MB

hybridization.

3.1 MB-DNA duplex formation evaluation

The DNA sample and MB-BRCA1 were injected into the

microchannel, with concentrations of 2.5 and 1 lM

respectively. Due to the monodispersity of microfluidic

droplet generation, each droplet encapsulated the same

number of MB and DNA. By accumulating fluorescence at

one location, the fluorescence signal emitted from MB can

be amplified using a longer exposure time without worry-

ing about the change of different reaction stages. By

recording fluorescence signal downstream of microchan-

nel, MB-DNA duplex formation reaction can be observed

at different stages. Droplets carrying MB-DNA duplex

formation reaction stages are ‘‘captured by repeated ima-

ges’’ and ‘‘frozen’’ along the microchannel.

The MB-DNA duplex formation time was converted to

travelled distance. Therefore, the acquisition of reaction

signals is no longer time-dependent at one location. In

other words, it is time-resolved. As illustrated in Fig. 5a,

the MB-DNA duplex formation time, Th is acquired from

Th = Lh/Vh, where Lh is the travel distance of the droplet

from the mixing completion point and Vh is the droplet

velocity in hybridization region. The velocity Vh is mea-

sured to be 8,723 lm s-1. It is important to note that

because this system does not have to record the fluores-

cence change in time, it is not limited by the sensitivity and

shutter speed of the sensor. The width of the observing

window is 2,175 lm, and the droplet velocity is

8,723 lm s-1. Therefore, the droplet is only exposed to the

excitation for 249 ms under a 49 magnification. The

fluorescence image taken by the CCD sensor has 3.24 lm/

pixel resolution for 49 magnification. The fluorescence

image was later analyzed by ImagePro to measure

Fig. 3 The merged A and B

streams are broken off by side

streams and form microdroplets.

a Consecutive micrographs of

droplet generation. The

generation rate is

2.66 ms/droplet. b DNA and

MB are rapidly mixed in

sawtooth edged U-shaped

channel. c Picoliter droplets

moving in hybridization region.

The area of image is indicated

as I in Fig. 2. d The DNA and

MB were first encapsulated

inside droplets then allowed to

rapidly mix together. MB

restores fluorescence after

hybridizing with cDNA

Fig. 4 Fluo-4 was used to

verify the mixing completion

inside droplets. a Fluorescent

image of the emulsification

region. b Fluorescence of Fluo-

4 was not yet saturated at 4th

mixing turn. c The fluorescence

of Fluo-4 fills the whole droplet

at the tenth turn, indicating

completion of mixing
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fluorescence intensity. One data point equals 0.37 ms of

the signal in this measurement.

From the high-speed camera measurement, we found

there were 452 droplets repeated at the observation point

in 1.2 s. Therefore, the fluorescence signal of MB in the

droplets was amplified 452 folds in 1.2 s, as compared to

only one passing fluorescent droplet. This approach can

increase statistical significance; one datum represents

hundreds of micro assays, and reduces assay-to-assay

deviation. The fluorescence in Fig. 6a was analyzed using

the vertical average-multiple-line-scan method. Each data

point shown in Fig. 5b was taken as an average of 15

horizontal (x-axis) data pixels, Wv = 48 lm, those at the

same y-axis location. It shows fluorescence in the channel

gradually increasing from the upstream to the down-

stream; MB gradually restores fluorescence during the

hybridization process. The ‘‘g’’ shown in the Fig. 6b is

the gap between microchannels and it is equal to 70 lm.

The ‘‘d’’ is the diameter of microdroplet, and it is equal to

64 lm. The ‘‘w’’ is the width of microchannel in

hybridization region, and it is equal to 120 lm. We

conduct the time-resolved fluorescence measurement with

horizontal average-multiple-line-scan method. Each data

point shown in Fig. 7 was taken as an average of 15

vertical (y-axis) data pixels, Wh = 48 lm, those at the

same x-axis location, from P1 (top pixel) to P15 (bottom

pixel), as shown on Fig. 5b. The total width of 15 pixels

under 49 magnifications is equal to 48 lm; it covers

about 75% of the droplet width which is Wh as shown in

Fig. 6b. We took a total of seven fluorescent area images

to cover the whole mixing and hybridization regions of

the device. Each area image was taken three times

(n = 3), and all fluorescence images were normalized by

fluorescence analysis tools (ImagePro) before signals were

analyzed.

The fluorescence restoration process of MB during the

duplex formation with different cDNA or mutants in mi-

crodroplet is shown in Fig. 7. The hybridization signals at

the channel turns were not collected. However, the 23 ms

of time lapse in each turn was counted. The time axis

covers from the mixing completion point to the end of

hybridization region just before the outlet reservoir. The

fluorescence reaches a plateau in Region 3. The fluores-

cence intensity from MB remains constant at this plateau

region, representing the completion of MB-DNA duplex

formation. Therefore, the LFDAM device used in this

research can evaluate the dynamic hybridization kinetics in

less than 10 s. Faster detection rates can be reached with

higher DNA concentrations.

Fig. 5 MB hybridizes with targets and emits fluorescence, which was

analyzed in LFDAM. a Time-resolved picoliter droplets moving in

microchannel. The coordinate reaction time can be acquired from the

droplet location in the microchannel. b MB fluorescence signal in

microdroplet was analyzed using vertical average-multiple-line-scan

method

Fig. 6 The dynamic binding reaction of target DNA with MB can be

observed from the fluorescence change of MB inside droplet. a The

horizontal average-multiple-line-scan method is used to measure the

fluorescence intensity. The yellow dash line represents the

fluorescence analysis from the top to the bottom of an image. The

width of line scan is Wv = 48 lm. The image is from region I in

Fig. 2. b The measured result shows that the MB fluorescence

gradually increases downstream in the LFDAM
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Photobleaching of fluorophors that are labeled on DNA

has been an issue in many fluorescence analyses; it typi-

cally occurs in a matter of only few microseconds to

seconds (Osborne et al. 2001; Yao et al. 2003). Specifically

for Cy3, photobleaching manifests in a few seconds

(Eggeling et al. 1998). In this experiment, the MB passes

the 49 magnification observation window as quickly as

249 ms. The time-resolve fluorescence analysis method not

only reduces the photobleaching problem while monitoring

the real-time reaction, but it can also compensate for the

short exposure of each droplet by accumulating repeating

fluorescent microdroplets at the same location. In this time-

resolved approach, the fidelity of fluorescence signals can

be retained.

We have also compared the reaction of MB with dif-

ferent mutants of SynBRCA1 samples as well as non-

specific DNA. The sequences of all synthetic ssDNA

samples are listed in Table 1. In Fig. 7, the measured

results of different mutants are compared and it is found

that the designed MB-BRCA1 is very selective and capable

of distinguishing all six different mutant ssDNAs, as well

as the SNP samples. The SNR values shown in Fig. 8 were

acquired from the average fluorescence intensities of each

ssDNA in region 3 of Fig. 7, and calculated by Eq. 1. MB

with cDNA has a SNR as high as 128. The designed MB-

BRCA1 is very selective in discriminating among the SNP.

Moreover, it is able to discriminate the point mutation in

the middle (SNP-M) or at the end (SNP-E) of the sequence.

The SNR of SNP-M is 17% smaller than SNP-E. There-

fore, a point mutation on the middle of SNP hinders the

MB-DNA hybridization more than one at the end of

sequence. Also, the SNR of 2NP-MM is 28% smaller than

that of 2NP-ME. The difference between SNP-M and

SNP-E is smaller than the difference between 2NP-MM

and 2NP-ME. On the other hand, the SNR of 2NP-MM is

70% smaller than SNP-M. The SNR of 3NP is 58% smaller

than 2NP-MM. Thus, increasing the point mutation number

will reduce the SNR and adversely influence the stability

and formation of MB-DNA duplex. We can therefore

assume that the mutation at the middle portion has a larger

affect on reducing the ability for MB to open its hairpin

structure. In Fig. 7, it was also observed that the dynamic

hybridization kinetics of MB-BRCA1 with SNP-M and

SNP-E are closer to cDNA. The kinetics for 2NP-MM and

2NP-ME are more similar to 3NP than SNP. Since MB

does not hybridize with NS-DNA, the MB doesn’t restore

fluorescence and thus the SNR of non-specific DNA is

close to one. The SNR of 3NP is 11 times higher than that

of NS-DNA. These results show that using the microfluidic

device with designed MB-BRCA1 allows for rapid and

easy discrimination of DNA with different mutation points

in addition to dynamic hybridization within a few seconds.

It is a promising tool to further develop for genotyping

assays (Dittrich and Manz 2006).

3.2 Dual DNAs detection in droplet

Dual DNAs detection in the microfluidic device was fur-

ther investigated. 2.5 lM of SynBRCA1 and HepCV were

mixed and injected into microchannel via inlet A, and

1 lm of MB-BRCA1 and MB-HepCV were mixed and

injected into the microchannel via inlet B. The sequence of

MB-HepCV is listed in Table 1. SynBRCA1, HepCV,

Fig. 7 Comparison of fluorescence intensity change of MB with

different ssDNA sequences during hybridization in the microdroplets.

The dashed-lines are second-order best-fitting curves of the DNA

samples

Fig. 8 The SNR values of MB with different samples, i.e. cDNA,

mutated cDNAs, and NS-DNA
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MB-BRCA1, and MB-HepCV were all encapsulated in

microdroplet and rapidly mixed. The emitting fluorescence

from microdroplet includes Cy3 from MB-BRCA1 and

FAM from MB-HepCV. The fluorescence was measured

by specific filter sets with different band pass for Cy3 or

FAM. As shown in Fig. 8, the HepCV (NS-DNA) did not

interact with MB-BRCA1 with SNR equal to background

of MB-BRCA1. Figure 9 shows that the measured Cy3 and

FAM fluorescence from MB-BRCA1 and MB-HepCV in

microdroplet has SNR 125, and 136, respectively.

3.3 Dynamic range of linearity

The sensitivity of this label-free DNA detection in picoliter

droplet system was characterized by analyzing different

concentrations of SynBRCA1. Different concentrations

(125, 250 and 500 nM, 1, 1.5 and 2 lM) of SynBRCA1

and 2 lM of MB were encapsulated in each microdroplet.

The MB-BRCA1 restored fluorescence after it fully

hybridized with SynBRCA1. The SynBRCA1 detection by

MB-BRCA1 was conducted by taking fluorescence signal

at the end of hybridization region (‘‘J’’ in Fig. 2) with 1.2 s

of fluorescence acquisition. As shown in Fig. 10, 2 lm

SynBRCA1 has SNR as high as 125. The best-fitting curve

(dashed-line) shows a strongly linear relation between SNR

and DNA concentration from 125 nM to 2 lM. Detection

of DNA concentrations above MB concentration (2 lM in

this study) is possible but highly non-linear. On the other

hand, a signal of DNA concentration below 125 nM was

insignificant when compared to the noise of MB (2 lM).

Therefore, detection below 125 nM could only be accom-

plished if a lower concentration of MB was used. 500 fM of

DNA was detected when 2.5 nM MB was used. These

results suggest that the use of MB in the microfluidic

device can rapidly (within 10 s) detect not only presence,

but also concentration of target DNAs. An even faster

detection may be achieved since hybridization in region 1

of Fig. 7 is already distinguishable among different DNA

samples.

The folding–unfolding transitions of the hairpin-struc-

tured molecular beacon (MB) are dependent on the

following parameters: the length of the loop portion, the

loop sequence, and the activation energies of the open-

close transitions. The conformational fluctuation kinetics of

the DNA hairpin-loop are very fast, and the opening and

closing transition in the MB has been reported in the

microseconds range (Bonnet et al. 1998). In the beginning

of region 1, MB is in the closed state, and MB and target

DNA are in close proximity to each other. As the base-

pairing increases in number, the intermolecular forces

increase as well. As soon as the intermolecular forces

become larger than the intramolecular forces at the stem,

the hairpin structure starts to open and frees the fluores-

cence from the fluorophor. As the base-pairing process

Fig. 9 The measured SNRs of two different MBs (MB-BRCA1 and

MB-HepCV) with their cDNAs (SynBRCA1 and HepCV) in micro-

droplets using LFDAM system
Fig. 10 Quantitative analysis of the cDNA-SynBRCA1 in LFDAM

has a linear dynamic range from 125 nM to 2 lM when MB is kept at

2 lM. The solid-line is the SNR value of different concentrations of

SynBRCA1. The dashed-line is the linear fitting curve for the SNR of

different SynBRCA1 concentrations. This linear range is highly

dependent on device sensitivity and MB concentration
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continues, the distance of donor fluorophor and acceptor

fluorophor (quencher) gradually increases, and the fluo-

rescence is restored while the FRET phenomenon ceases

(Stryer 1978; Jares-Erijman and Jovin 2003). Instability of

the hairpin structure of the MB-DNA duplex induces the

association or dissociation transmission during this stage of

the hybridization process. The MB-DNA duplex formation

can be considered to have the open/close conformational

fluctuation of a typical of hairpin MB fluorescence restor-

ing (Bonnet et al. 1998; Yao et al. 2003). The open/close

fluctuation rate of MB-DNA varied with different

sequences of DNA. The MB-DNA duplex has several

cycles of conformational changes in open and close states.

The more stable the MB-DNA duplex, the stronger the MB

fluorescence restored. The measured fluorescence in drop-

let can be expressed as Eq. 2.

F ¼ kðC � V � f � TÞ ½ðN � IoÞ þ ½ðt � NÞ� � Ic�
t

ð2Þ

F is the total fluorescence intensity measured, Ic is the

background MB fluorescence in its closed state, Io is the

restored fluorescence in its open state (von Ahsen et al.

1999), N is the time when MB is in open state, and (t - N)

is the time MB is in closed state. C is the concentration of

complementary DNA under the assumption that the

concentration of MB is higher than the sample. V is the

volume of droplet and f is the number of droplets passing

through the observation window in 1-s. T is the total CCD

sensor data collection time and t is the time for a droplet to

pass one sensor pixel of the CCD camera; t = d/s where d

is the distance of one pixel and s is the droplet traveling

velocity in the hybridization region. Also, k is the

correction constant which is related to light intensity.

Using 49 magnification and fluorescence acquisition for

1.2 s, one droplet will take 0.37 ms to pass through one

pixel on the CCD sensor. Equation 2 can be rewritten as

Eq. 3

F ¼ kð3:1� 10�10Þ ½ðN � IoÞ þ ½ð0:37� NÞ� � Ic�
0:37

ð3Þ

The measured fluorescence intensity is directly

proportional to sample concentration, droplet volume,

droplet generation rate, and fluorescence acquisition time.

The selection of donor fluorophor will affect the value of

Io, and the selection of quencher will affect the value of Ic.

The value of N is inversely proportional to the number of

mutation points. In other words, these results disclose the

characteristic probability of MB-BRCA1 closing and

opening for different mutations of SynBRCA1.

The LFDAM microfluidic device demonstrates the

ability to localize MB with DNA samples in picoliter

droplets and not only detect mutants in a few seconds, but

also evaluate the different hybridization kinetics between

mutants. It was also observed that higher concentrations of

target DNA and MB probe in microdroplets cause higher

rates of fluorescence increase; or, larger Df/Dt in Fig. 7,

where Df is the fluorescence change in period of time Dt.

Equation 4 describes the time required for MB to meet

DNA in microdroplet after mixing. It can be applied by

diffusion based DNA transport in solution.

s ¼ v2

2D
ð4Þ

s is the time required for a molecule to diffuse over dis-

tance v, and D is the diffusion coefficient of DNA. The

typical value of D is of 9.948 9 10E - 7 cm2 s-1 (for 18-

base ssDNA)(Nkodo et al. 2001). The diameter of the

microdroplet is 64 lm and volume is 137 picoliter. Since

the concentration of DNA (1.25 lM) is higher than MB

(0.5 lM), the average distance of MB and DNA is deter-

mined by DNA. The average DNA number in one droplet

is 1031.3 9 105. If we do not consider the size of mole-

cules, the average distance of MB and DNA is 11.9 nm.

Therefore, the time required for MB to meet DNA is

approximately 0.7 ms; thus, the diffusion time is so fast

after mixing, it can be ignored.

4 Conclusion

We have developed a LFDAM system for using FRET

molecules to rapidly detect DNA in Microdroplets and also

capable evaluate the dynamic hybridization process

through a time-resolved method. Because convection-dri-

ven mixing occurs in picoliter microdroplets, the often

lengthy diffusion time in bulk solution or non-droplet

microfluidic channels is greatly reduced. Consequently, the

reoccurring identical droplets represent the hybridization

stage via fluorescent signals, and the different reaction

stages in droplets were shown at different traveling dis-

tances. The reaction time correlates to the distance traveled

by the droplets in the microchannel. Since each droplet is

exposed to excitation source for only 249 ms, the photo-

bleaching problem was reduced to a minimum. The

designed MB-BRCA1 for SynBRCA1 detection can reach

a SNR as high as 128 demonstrating LFDAM as a sensitive

platform to distinguish SNP point mutation at various sites

and elicit the difference of their hybridization kinetics.

Duplex target detection in one microdroplet was demon-

strated by analyzing SynBRCA1 and HepCV in LFDAM.

The limitation of detection in LFDAM with MB can reach

as low as 500 fM. This microdroplet array and molecular

beacon based system, LFDAM, is promising for high-

throughput genotyping of SNPs in pharmacogenomics

research, where the identification of variations in specific

genes is necessary to evaluate drug efficacy, toxicity and
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metabolism. It will be useful for establishing optimal

therapeutic strategies for individual patients. LFDAM may

also be used to analyze other rapid biomolecular reactions,

such as enzymatic activity, multiplex nucleic acid detec-

tion, cells, RNA, and proteins folding whose analyses

require small volume, rapid mixing, and minimum effect of

photobleaching.
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