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In this article, a new mode of droplets manipulation is presented and applied for simultaneous
multiplexed DNA detection. We call this droplets manipulation, “assembly-line manipulation of droplets
(ALMD)". Firstly, multiple droplets containing the same target mixtures are generated in the micro-
channel, and then fused with later generated different droplets containing corresponding probes,
respectively. Finally, all the fused droplets were fluorescence imaged on-line and real-time. The
successful implementation of droplets fluorescence encoding based on ALMD shows the reproducibility
and accuracy of this manipulation mode. As a proof-of-concept application, the simultaneous multi-
plexed DNA detection was carried out through the model of human immunodeficiency virus (HIV) gene
sequence and variola virus (small pox, VV) gene sequence based on ALMD in the microfluidic system. It is
proved that this method achieves simultaneous multiplexed DNA measurements with a significantly
time-saving way and without different dye-labelled probes or complex operation procedures. In
addition, it reveals the possibility of high-throughput biosensing with simple chip design and detection

equipment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The application of droplet platform in chemical and biological
study has attracted increasing attention in recent years [1-5], such as
material synthesis [6-8], cell analysis [9,10], protein detection [11-13],
and DNA sensing [14,15]. Relative to the laminar flow-based micro-
fluidics [16-18], droplet-based microfluidics possess many advan-
tages, for instance, low reagent consumption, high mixing efficiency,
short reaction time, and free of reagent immobilization, incubation, as
well as cross-contamination. Therefore, as a promising tool, the dro-
plet technique is in ceaseless development which is mainly in aspect
of droplet manipulation and droplet application [19,20].

Analysis of DNA is of vital importance in diagnosing of genetic
diseases, detection of gene expression profiling and biomedical studies
[21-25]. Thanks to the potential capacity and advantage of droplet
microfluidics, the interest of combining DNA sensing strategy with
droplet platform is increasing recently. Consequently, droplet-based
microfluidics has become one of the most popular platforms for DNA
detection and analysis [26]. On one hand, as an isolated microreactor,
the hybridization reaction of DNA in droplet is faster than that on
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conventional chips and without cross contamination of reagents. On
the other hand, the droplet platform can perform affordable high-
throughput assay with low reagent consumption and short time.
A variety of researches such as DNA detection and mutant analysis
[27,28], as well as DNA sequencing [29] have been carried out in
droplet-based microfluidic systems. However, these applications were
confined in single-analyte assays because of identical droplet detec-
tion. In addition, due to the difficulty of droplets control, the detection
process usually requires expensive instruments to realize, which limits
the application scope of droplet platform. With the development of
manipulation technologies, such as transportation, fusion, trapping,
and storage [30-32], a manipulated droplet platform was proposed for
the detection of DNA. For the purpose of multiplexed measurements,
based on fluorescence resonance energy transfer (FRET) between
fluorescent dye and graphene oxide, a simultaneous colorimetric
method for two different DNA sequences was realized by analyzing
the fluorescence variation of different fluorescent dyes in droplets
[33]. In this way, when the number of analytes is up to three or more,
more DNA probes labeled with different dyes which can be distin-
guished directly by colorimetry will be needed. Furthermore, a new
droplet platform based on stepwise reagent introduction has been
applied in multiplexed DNA sensing meets the challenge of multi-
targets analysis without different dyes-labelled probes [34]. Never the
less, the above methods were achieved in a mode of single droplet
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manipulation and imaging in one time. It means that the experiment
will last for a long time if there are many analytes, accompanying with
relative large experimental errors which will be existed in different
droplets detection. What's more, it's not favourable for the developing
trend of high-throughput analysis.

Inspired by the mentioned above, herein, we present a micro-
fluidic platform that combines assembly-line manipulation of droplets
(ALMD) with multi-droplets concurrently imaging to detect multiplex
DNAs. This droplet platform addresses the challenge of multi-analytes
analysis, such as simplicity, low cost and time-saving, which is ideal in
high-throughput format. The solutions of DNA targets, two corre-
sponding DNA probes labeled with carboxytetramethylrhodamine
(TAMRA) and graphene oxide are individually imported into the side
channels. After ALMD, two captured droplets are imaging in one
photograph. By comparing and analyzing the variation of droplet color
and fluorescence intensity, the qualitative and quantitative measure-
ments of target DNAs are realized.

2. Experimental
2.1. Materials

Graphene oxide (GO) was purchased from Sinocarbon Materials
Technology Co., Ltd. Mineral oil and Span 80 were purchased from
Sigma-Aldrich. Water-soluble Zn?>* doped CdTe quantum dots (QDs)
were synthesized according to references [35]. The silicon wafer was
purchased from Institute of Microelectronics of Chinese Academy of
Sciences. The poly-(dimethylsiloxane) (PDMS) and AZ 50 XT photo-
resist was obtained from RTV615 GE Toshiba Silicones Co., Ltd. and AZ
Electronic Materials USA Corp., respectively. DNA oligonucleotides
were synthesized and purified by Sangon Biotechnology Co., Ltd.
(Shanghai, China). The sequences of the oligonucleotides were as
follows:

DNA probe for VV sequence (Pyy): 5-TAMRA-CTGATTACTATTG-
CATCTTCCGTTACAACTATCAG-3';

DNA probe for HIV sequence (Pyy): 5~-TAMRA-TGCATCCAGGT-
CATGTTATTCCAAATATCTTCTATGCA-3';

target sequence of VV (Tyy): 5'-AGTTGTAACGGAAGATGCAA-
TAGTAATCAG-3';
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target sequence of HIV (Tyy): 5'~AGAAGATATTTGGAATAACAT-
GACCTGGATGCA-3';

single-base mismatched target DNA of VV (MTyy): 5-AGTTG-
TAACGGAATATGCAATAGTAATCAG-3';

single-base mismatched target DNA of HIV (MTyyy): 5'- AGAA-
GATATTTGGAATAATATGACCTGGATGCA-3’

The DNA solution was prepared in 10 mM Tris-HCI buffer (20 mM
NaCl and 20 mM MgCl,, pH 7.4). Other aqueous solutions were pre-
pared with ultrapure water (Mill-Q, Millipore, 18.2 MQ - cm, 25 °C).

2.2. Microfluidic chip fabrication and operation

The three-layer PDMS microfluidic chip was fabricated by soft-
photolithography. The bottom, middle, and upper is glass, automatic
microvalve and fluid layer, respectively. Details of fabrication are
explained in Supplementary Information. There were four T-junction
structures and several microvalves in this chip. The main and injection
channels are 200 pm wide and the valve channels are 100 pm.
The microvalves were pneumatically actuated by a homemade
pressure control system (SeriesZSE30A (F)/ISE30A, SMC, Japan, shown
in Fig. S1) which was connected to a personal computer (PC). So the
on/off state of the microvalves could be controlled through PC. The
syringe pumps (11 plus, Harvard Apparatus Holliston, USA) were used
to pump the oil phase (containing 0.1% Span 80) into the channels.
The aqueous solutions were loaded into a section of flexible poly-
ethylene tubing, and then were driven into the microchannels by the
positive pressure supplied by pressure control system.

2.3. Procedure for multiplexed DNA sensing based on ALMD

By controlling the microvalves, droplets generation, transporta-
tion, fusion and trapping could be realized. The details were
described previously [36]. The main channel was used for oil
introduction and the side ones were used for the introduction of
target mixtures, Pyy, Py, and GO, respectively. For ALMD, the pair
of uniform-sized droplets of target mixtures was generated firstly.
Under the driving force of oil phase, these two droplets were
transported to the next side channel junction and the front droplet
was fused with droplet of Pyy. Next, the latter droplet was fused
with droplet of Py when it arrived at the third junction. Finally,

Fig.1. (A) Schematic diagram of the structure of droplet chip and the procedure of ALMD. (B) Photograph of the microfluidic chip and bright field image of bottleneck design
within the main channel. (C) Procedure of assembly-line manipulation of two droplets through the model of different QDs. (D) Procedure of three droplets manipulation in
assembly-line pattern. (E) Simultaneously capturing and imaging multi-droplets after the assembly-line manipulation: (1) three droplets; (2) four droplets. Above: bright

field images; below: corresponding fluorescence images. Scale bars indicate 200 pm.
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these two droplets were fused with GO droplet successively and
respectively in the last junction. And these droplets were trapped
in the detection region to take a true-color fluorescence image for
DNA assay. In the same manner, droplets fluorescence encoding
based on ALMD was carried out. All droplets were imaged by
an inverted fluorescence microscope (Axio Observer.Al, Zeiss,
Germany) with a 10 x objective and a Spot RT3 charge-coupled
device (CCD, Diagnostic Instruments, Inc., USA). The fluorescence
intensity of droplet was acquired by Image-Pro Plus software.

3. Results and discussions
3.1. Feasibility of ALMD

In order to meet the challenge of high-throughput biosensing, the
strategy of high-throughput droplets generation should be proposed.
Herein, the microfluidic platform based on ALMD can be the candidate
for high-throughput analytical platform. The structure diagram of chip
and the scheme of droplets manipulation are shown in Fig. 1A. On the
basis of classical T-junction channel, a bottleneck design was intro-
duced next to the side channel junction with the purpose of easy
manipulation of droplets in assembly-line pattern. The photographs of
the microfluidic chip (22 mm x 12 mm x 4 mm) and the bottleneck
design within the main channel are presented in Fig. 1B. The main and
side channels were 200 pm wide and the bottlenecks were 160 um
wide. It is worth to note that bottleneck design within the main
channel is favorable for the droplets trapping and fusion, because the
droplets will have a slight pause when they arrive at the side channel
junction. Moreover, in order to address the issue of the small
observation field of microscope, which limits the concurrently ima-
ging of multi-droplets, the detection region was designed to be ser-
pentine channel. In this way, droplets can be crowded in the square
observation field, so that several droplets can be imaged simulta-
neously within one detection field. As a model, different QDs
(Aem=>535 nm; 578 nm; 648 nm) were introduced into the three chip
channels, respectively. The 578 nm QD (Qy), 648 nm QD (Qg) and
535 nm QD (Qg) were individually imported into the side channels.
By controlling the valves, two droplets containing Qy were generated
successively, and then fused with Qg and Qg droplets, respectively. The
bright-field and fluorescence images in Fig. 1C clearly display the
processes of the two droplets manipulation in assembly-line pattern.
Moreover, when we introduced four solutions of Qy, Qg, Qg, and Qy
into four side channels, respectively, we can obtain three droplets of
Qy fused with Qg, Qg and Qy, respectively. The whole procedure from
droplets generation to imaging for analysis could be accomplished
within 1 min (Fig. 1D). As shown in the fluorescence image (Fig. 1E1),
three droplets were captured in one picture, and the true colors of
them revealed the successful fusion of droplets as expected. In the
same mode, four droplets can be manipulated in assembly-line
pattern and imaged as well (Fig. 1E2). Therefore, it is proved that
ALMD can be easily and rapidly realized with the simple micro-chip.

3.2. Droplets fluorescence encoding

By controlling the loading pressure of the aqueous solution and
the open time of the valves, the manipulation of droplets could be
carried out very precisely [36]. We tested this precise manipula-
tion and applied it in droplets fluorescence encoding. As a proof-
of-concept demonstration, three solutions of buffer, Qz and Qg
were chosen for fluorescence encoding. Since the concentrations
of QDs in droplets after fusion were determined by the volume
ratio of two original droplets, the desired fluorescence intensities
and colors of droplets could be obtained by varying the volume
ratios of original droplets individually during the process of
droplets manipulation. Firstly, we manipulated multi-droplets in

assembly-line pattern allowing droplets to fuse with each other
once, so that we obtained three fusions of droplets. As shown in
Fig. 2A, the fluorescence intensity ratios of Qg and Qg in final
droplets to original droplets were equal to the volume ratios of
corresponding original droplets to final droplets. For relative
complicated droplets fluorescence encoding, we allowed each
droplet to fuse with both of two others. Hence each droplet
contained all of the three solutions in variable volume ratios.
The results showed that experimental variation in fluorescence
intensities of the droplets has good agreements with the volume
ratios between the three solutions as well (Fig. 2B). Therefore, it is
proved the ALMD could be controlled precisely with good
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Fig. 2. Droplets fluorescence encoding based on ALMD. (A) Allowing each droplet
to be fused only once ((AO) shows the initial concentration of Qg and Qg). The
volume ratios of buffer droplet/Qg droplet/Q; droplet were (1) 0:1:1, 1:0:1, 1:1:0;
(2)0:2:1,1:0:2,1:2:0; (3) 0:1:2, 2:0:1, 2:1:0. (B) Allowing each droplet to be fused
twice. The volume ratio s of buffer droplet/Qr droplet/Qg droplet were (4) 1:1:1,
1:1:1, 1:1:1; (5) 1:1:2, 1:2:1, 2:1:1; (6) 1:2:2, 2:1:2, 2:2:1. The corresponding
fluorescence intensities of two QDs in each droplet were presented below. Scale
bars indicate 300 pm.
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Fig. 3. (A) Schematic diagram of the procedures of simultaneous multiplexed DNA sensing based on ALMD. (B) Schematic illustration of the principle of multiplexed DNA

sensing.

reproducibility, and suited for the application of low cost, time-
saving fluorescence encoding of droplets.

3.3. Multiplexed DNA sensing strategy

Since fluorescence quenching strategies have been widely applied
in biosensing, a variety of fluorescence quenching materials, such as
conducting polymers [37], gold nanoparticles [38], carbon nanotubes
[39], are used in biosensor design. More recently, GO-based biosensor
has attracted a lot of research interests [40-42]. It has been reported
that these biosensors are based-on the capability to discriminate
single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
coupled with the extraordinary fluorescence quenching of GO [43].
Taking advantages of this GO-based biosensor, multiplexed DNA
sensing could be realized based on ALMD. The schematic illustration
of the droplets manipulation and principle of detection are shown in
Fig. 3. In the absence of Tyy and Ty, TAMRA-modified Pyy and Pypy
were absorbed on the surface of GO, and the fluorescence of TAMRA-
labelled probes were quenched by GO. Consequently, both of the two
droplets were presented in dark color (Fig. S2A). In the presence of
Thuv, it induced the formation of dsDNA by the hybridization with Pyyy.
As a result, a fluorescent emission was observed due to the weaker
interaction between the formed duplex helix and GO. As shown in the
image, only the droplet with Py displayed red color, while the other
one containing Py, was presented in dark color (Fig. S2B). According
to the same principle, in the presence of Tyy, the droplet containing
Pyv was presented in red color while the other one was presented in
dark color (Fig. S2C). When the target DNA mixtures containing both

of Ty and Tyy, two red droplets appeared in the fluorescence image
as expected (Fig. S2D). Therefore, simultaneously multiplexed DNA
analysis can be performed by this manipulation of droplets in
assembly-line pattern, with the feature of simple and straightforward,
as well as time-saving.

3.4. Optimization of the amount of GO

In order to obtain obvious droplet color changes, the volume ratio
between probe and GO droplet was investigated. The concentrations
of DNA probe was fixed at 4 x 10~°> M for the purpose of acquiring
strong fluorescence signal. Owing to the adsorption of GO on PDMS,
the droplet with high GO concentration was hard to form. The
concentration of GO was thus fixed at 0.4 mg/mL. As shown in
Fig. 4A and a, the fluorescence signal of the final droplet containing
Pyv and GO was reduced with the increase of the volume ratio of Pyy
droplet to GO droplet from 1:1 to 1:4. Though the fluorescence of
TAMRA-modified Pyy was quenched totally when the volume ratio
was 1:4, the concentration of Py, was further diluted with the
addition of target droplet, leading to the bad fluorescence recovery,
which should be unfavorable for the detection sensitivity. Moreover,
by fixing the Tyy droplet size as the same as Pyy droplet, we discussed
the fluorescence recovery corresponding to different volume ratios of
Pyv to GO droplet. As illustrated in Fig. 4B, the droplet color became
weaker and weaker with the volume ratio of probe/target/GO droplets
changed from 1:1:1 to 1:1:4. By comparing the droplet color variation
in the absence and presence of Tyy under different volume ratios of
probe to GO, the change of droplet color was the greatest at the ratio
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Fig. 4. (A) Color responses of two droplets of Pyy in the presence (left droplet) and absence (right droplet) of GO. The volume ratios of Pyy to GO droplet were 1:1,1:2, 1:3,
and 1:4 from 1 to 4. (B) Color responses of two droplets of Pyy-GO in the absence (left droplet) and presence (right droplet) of Tyy. The volume ratios of Pyy/Tyy/GO droplet
were 1:1:1,1:1:2, 1:1:3, and 1:1:4 from 1 to 4. The corresponding fluorescence intensities of (A) were presented in (a). (b) Color variation of the two droplets within each
picture from B1 to B4. F and F, are the fluorescence intensity of droplet in the presence and absence of Tyy. The initial concentrations of Tyy, Pyy, and GO were 5.0 x 1077 M,

4.0 x 107° M and 0.4 mg/mL, respectively. Scale bars indicate 200 pm.

of 1:3 (Fig. 4b). Consequently, the volume ratio of probe/target/GO
droplets was chosen as 1:1:3.

3.5. Sensitivity for simultaneously multiplexed DNA detection

To further evaluate the sensitivity of this method, various concen-
trations of target DNAs were introduced into the sensing ensemble.
Under optimized conditions, the simultaneous detection of Ty, and
Tyv was carried out. As shown in Fig. 5, with the change of conc-
entrations of target DNAs, a series of color variation of droplets was
presented. The light red color appeared firstly, and then gradually
turned brighter and brighter, which indicated that the more dsDNA
formed with the increase of target, leading to DNA probe being away
from the surface of GO and the fluorescence recovery of TAMRA.
Therefore, the targets could be determined qualitatively and quantita-
tively by the color or the fluorescence intensity of droplets. It is found
that the fluorescence intensities of droplets were linearly related to
the logarithm of targets concentrations over the range from 2.5 x
108 to 5.0 x 10~ % M. The limit of detection for Ty and Tyy were
calculated as 14 x 10~8 and 1.6 x 10~8 M, respectively, based on a
linear fitting and the noise level of 35 (where ¢ is the standard
deviation of a blank solution, n=11).

3.6. Specificity of DNA sensing

Generally, non-specific binding often results in high background
and low sensitivity. Thus we evaluated the specificity of DNA sensing
by this method. In the presence of complementary target DNAs (Ts),
the fused droplets were shown in bright red color according to the
fluorescence images (Fig. 6A). In control experiments with the
presence of single-base mismatched target DNAs (MTs), the droplets

were presented in light colors (Fig. 6B). The background signal was
detected in the absence of MTs or Ts under the same experimental
conditions. The results suggested that the fluorescence signals of
probes-GO droplets for MTs were significantly lower than that for Ts,
because of the weak hybridization between MTs and DNA probes
resulting from the tension in the stem-loop structure of probes.
Therefore, this simultaneous detection strategy can realize DNA diff-
erentiation with good selectivity.

3.7. Determination of target DNAs in complex matrix

In order to evaluate the practicability of the proposed method in
multiplexed DNA assay, the detection of target DNA mixtures in
human serum was investigated. As the human serum with high
concentration has a significant effect on the generation and fusion of
droplets in microfluidic system, the proposed strategy could be
applied in the complex matrix with a high serum percentage by
diluting the complex matrix. Dilution to 1% was chosen in this work.
Three kind of different concentrations of target DNA mixtures were
detected in buffer and 1% human serum, respectively, the results were
shown in Fig. S3. The fluorescence intensities of final droplets in the
conditions of diluted human serum have no significant difference
with those in buffer. It indicates that the complex matrix has no
obvious influence on multiplexed DNA assay based on ALMD.

4. Conclusions

In conclusion, a new droplets manipulation mode, ALMD is pre-
sented. This method is easily achieved without complicated operati-
on and expensive instruments. By precisely controlling of droplets
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Fig. 5. Color responses of two droplets of probe-GO in the coexistence of Tyy (left droplet) and Tyy (right droplet) with increasing concentrations of 2.5 x 108, 5.0 x 108,
1.0x1077,5.0x 1077,1.0 x 107, 5.0 x 10~ M from 1 to 6. The following diagram presented the relationships between the fluorescence intensities and the concentrations of
corresponding target DNAs. The volume ratios of DNA probe/target DNAs/GO were 1:1:3. Other experimental conditions were the same as in Fig. 4. Scale bar indicates

200 pm.
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Fig. 6. Color responses of two droplets of probe-GO in the presence of Ts (A) and
MTs (B). The corresponding fluorescence intensities were presented below. The
initial concentrations of Ts and MTs were 5.0 x 10~7 M. The volume ratios of DNA
probe/target DNAs/GO were 1:1:3. Other experimental conditions were the same as
in Fig. 4. Scale bar indicates 200 pm.

generation and fusion, fluorescence encoding of droplets can be
carried out with ALMD in microfluidic platform. Besides, the manip-
ulation of droplets in assembly-line pattern is very suitable for
simultaneously on-line detection of multiplex DNAs in micro-chip.
Therefore, it has been successfully applied in simultaneously multi-
plexed DNA sensing through the model of HIV and VV gene sequence.
It is indicated that more targets could be simultaneously detected
based on ALMD with the increase of more probe introduction
microchannels in chip. So the low cost and significantly time-saving
droplet platform shows the potential in simultaneously high-thr-
oughput DNA assay.
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