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A B S T R A C T

DNA hybridization kinetics has been playing a critical role in molecular diagnostics for binding discrimination,
but its study on digital microfluidic (DMF) systems is ultimately restrained by the laminar flow condition. The
kinetic mixing technique is widely employed to ensure a fast reaction rate, but poses intrinsic risk in cross
contamination and exhibits instable fluorescence intensity during the droplet transportation. While the elec-
trothermal technique can provide stationary droplet mixing through the established thermal gradient within the
hybridization solution, the significant increase in the droplet temperature will inevitably undermine the hy-
bridization equilibrium and jeopardize the binding discrimination. To enhance the hybridization efficiency while
ensuring a stable droplet temperature (within± 0.1℃), this paper presents a DMF platform that can perform
isothermal hydrodynamic-flow-enhanced droplet mixing. Specifically, with a single electrode, droplet-boundary
oscillation under a slow AC actuation is studied for improving the reaction rate. The dependencies between the
mixing efficiency and the actuation voltage, actuation frequency and the spacer thickness are also systematically
studied. Reliable mixing efficiency improvement is further validated over a wide range of solute concentrations.
The results from real-time on-chip DNA hybridization kinetics with stationary droplets using the complete
sandwiched DMF system shows that the proposed rapid mixer can achieve the same hybridization equilibrium
with>13 times faster reaction rate when compared to the reference one through pure diffusion, while pre-
venting biased hybridization kinetics as demonstrated in the electrothermal technique.

1. Introduction

DNA hybridization is a fundamental molecular interaction in
biology research and medical applications, including gene identifica-
tion, genetic expression analysis, DNA sequencing and clinical diag-
nostics [1–3]. This involves accurate and efficient DNA binding dis-
crimination between the target and the probes with diverse
concentrations at well-regulated temperatures [4,5]. Existing hy-
bridization kinetics are mostly characterized in bulk solutions [1,6,7]
under a high temperature accuracy requirement of± 0.1 ℃ (e.g. Ar-
rayit TrayMix™ S4 hybridization stations). To overcome the require-
ment of large amount of costly DNA samples, the electro-kinetic micro/
nanofluidic technologies [8–10] offer many advantages including fast
mixing/reaction rate, improved sensitivity, easy automation and real
time monitoring. Even though the existing channel-microfluidic sys-
tems [11–14] are widely employed for DNA hybridization investiga-
tions, the redundant supporting equipment (valves, pumps or tubes)

and risk of valve clogging still confine the system flexibilities for dif-
ferent diagnostic applications.

By manipulating micro-droplet via the electrowetting-on-dielectric
(EWOD) effect, the DMF [15–18] offers high-level of controllability
without the requirements of extra pumps and valves. It also presents
additional flexibility for DNA probe immobilization for DNA hy-
bridization kinetics [19,20]. However, one of the major hurdles to
support real time DNA hybridization in DMF systems is the low Rey-
nolds number, where the laminar flow condition as dominated by dif-
fusion [21,22] ultimately limits the reaction rate and hence the system
throughput. This calls for the development of efficient rapid micro-
mixing techniques to achieve accurate and efficient hybridization under
diverse medium concentration requirements.

As reported in [23–25], the kinetic mixing technique transports the
coalesced droplet back and forth along a linear array of electrodes to
enable the droplet mixing through the induced internal hydrodynamic
flow. The mixing efficiency can be further enhanced using the 2-
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dimensional electrode-array by alleviating the flow reversibility effect.
Many proposed DMF applications inevitably involve this kinetic mixing
technique for sample pre-processing, dilution, and reactions between
reagents [19,20,26–28]. Yet, the continuous transportation of biolo-
gical samples can lead to nonspecific biomaterial adsorption [29] to the
hydrophobic surface, increasing the risk of cross contamination and
biofouling. Moreover, the varying instantaneous droplet velocity due to
the frequent droplet displacement [30] can initiate unstable fluorescent
intensities during the exposure period, which can undermine the study
of on-chip real time DNA hybridization.

To enable rapid droplet mixing without introducing continuous
droplet movement, a stationary droplet micro-mixing technique based
on the electrothermal effect is reported [31]. By applying a fast-chan-
ging electric field beyond the Maxwell-Wagner interfacial relaxation
frequency ( fRC) to the hybridization solution, the voltage drop across
the dielectric membrane becomes negligible, resulting in the inability of
adjusting the three-phase contact angle by varying the applied voltage.
Instead, the induced inner temperature gradient ΔT can introduce in-
ternal electrothermal convection [32] to enhance the mixing and hy-
bridization process. However, the mixing efficiency is highly dependent
on the induced temperature gradient, which can significantly violate
the DNA hybridization temperature requirement and possibly affect the
DNA binding discrimination [33]. Besides, a significant ΔT is necessary
for mixing efficiency improvement as the droplet concentration in-
creases, making this technique unattractive to on-chip DNA hy-
bridization.

In this paper, we introduce an integrated sandwiched DMF system
capable of stationary DNA hybridization kinetics study as shown in
Fig. 1. Rapid mixing of stationary droplet is proposed by using a slow
AC actuation signal from 100Hz to 1 kHz. Unlike [31] which is based
on the electrothermal effect, this work takes advantage of the boundary
oscillation condition of the coalesced droplet to achieve stationary
mixing efficiency improvement through the enhanced internal hydro-
dynamic flow. The proposed technique is also applicable to medium at
varying concentrations while maintaining a well-regulated droplet
temperature due to a weak transient voltage drop across the droplet

bulk, enabling fast on-chip real time DNA hybridization with minimal
risk of cross contamination.

2. Materials and methods

2.1. Chemicals and reagents

The synthesized fluorophore DNA probe for Influenza A virus
(H7N9) segment 4 hemagglutinin (HA) gene is from Integrated DNA
Technologies (IDT, USA). The synthetic oligonucleotides (Sangon
Biotech, China) used in the DNA hybridization kinetics experiments are
DNA targets of Kras gene (drug resistant non-small cell lung cancer) and
its corresponding molecular beacon (MB) probes with a stem of 1 base
pair (BP). Below, we summarize the oligonucleotides employed in the
experiments.

DNA probe for H7N9 DNA segment 4 HA:
5′-TTGACTTTCATTGGCTAATGCT-Cy3-3′.
DNA target of Kras gene:
5′-GTAGTTGGAGCTGGTGGCGTAGGCAAGAGT-3′.
MB probe for Kras gene target:
5′-Cy3-GCCTACGCCACCAGCTCC-BHQ2-3′.
The DNA probe for H7N9 DNA segment 4 HA, DNA target of Kras

gene and its corresponding MB probe are dissolved and diluted to reach
the final concentrations of 1, 5 and 10 μM using the 10mM Tris−HCl
buffer (Sigma, USA) with a conductivity of 1.52mS/cm, a viscosity of
0.9307 mPa∙s and a surface tension of 73mN/m. The probe/target
mixture for hybridization kinetics investigation is further formulated
with 1×PCR buffer (Life Technologies, USA), 3mM MgCl2 (Life
Technologies, USA), and 1 μM MB probe/DNA target.

2.2. Device design and fabrication

Fig. 1(a) shows the DMF device under test with fabrication steps
similar to our previous works [34]. Briefly, three different chromium
(Cr) electrodes of 0.75×0.75, 1.5× 1.5, and 2.5×2.5 mm2 with
30 μm clearance from each other are designed for droplet

Fig. 1. (a) Schematic of the fabricated sandwiched DMF device with the reaction chamber monitored by a fluorescence microscope and thermal imager (not to scale).
(b) Illustrations of the droplet oscillation patterns and internal hydrodynamic flow for mixing enhancement using a sub-kHz actuation frequency. (c) Characterization
of the stationary droplet mixing with 1 μM fluorophore DNA probe and 10mM Tris−HCl buffer. (d) Illustrative SE isometric view of the sandwiched DMF device for
DNA hybridization kinetics study. The molecular beacon probe and target DNA are dispensed from the corresponding reservoirs and driven towards the reaction
chambers. (e) Real-time DNA hybridization kinetics is observed through the fluorescence intensity for DNA binding with passive diffusion and the proposed hy-
drodynamic-flow enhancement method.
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transportation, mixing, and dispensing, respectively. Different spacer
thicknesses (150, 250, 350, 450 μm) are utilized to implement the
sandwiched DMF platform with commercial conductive tapes, with the
top plate (indium tin oxide glass) potential biased to ground. An in-
sulation layer of 10 μm SU8 negative photoresist is deposited on the
bottom plate to isolate the aqueous samples from the Cr electrodes to
avoid unintentional electrochemical reactions. Patterned barriers using
50 μm thick SU8 negative photoresist through standard soft lithography
are fabricated above the insulation layer to prevent droplets from
drifting during the experiments. To increase the initial contact angles of
the aqueous droplets and prevent sample adhesion, both the bottom
substrate and the top plate are coated with a 100 nm thick hydrophobic
Teflon-AF layer. The fabrication steps and chip assembly are detailed in
the Supplementary Information S1.

2.3. Experimental setup

The DMF device is placed inside a 3D-printed device holder in all
experiments. The fluorescence microscope and the thermal imager
monitor the real-time mixing process and local droplet temperature
status, respectively. All the DMF electronics are controlled by the cus-
tomized software for droplet manipulation (e.g. sub-kHz actuation
signal as shown in Fig. 1(b) for droplet vortexing). The detailed im-
plementation of the hardware and software program can be found in
the Supplementary Information S2 and S3. The DMF device under test
together with the 3D-printed holder is mounted onto the stage of the
fluorescence microscope (Olympus BX63, Japan). Real-time videos and
images are recorded via the software cellSens©. The thermal imager
(Fluke Ti110, USA) records the temperature variation inside the mixing
droplet for further processing. The experimental setup is detailed in the
Supplementary Information S4.

2.4. Video processing and data analysis

To quantitatively characterize the on-chip mixing efficiency, we
assess the mixing conditions based on the pixels occupied by the entire
coalesced droplet. The real-time videos, as recorded in the 24-bit Audio
Video Interleaved (AVI) format, are processed by the customized soft-
ware to extract the coefficient of variation (CV) of the jth frame in the
RGB colour space. Fig. 1(c) illustrates the mixing process between the
1 μM fluorophore DNA probe for H7N9 DNA segment 4 HA and 10mM
Tris−HCl buffer. The CV evolution is calculated using the corre-
sponding RGB values as in Eqs. (1) and (2),

=CV D D D D( )/( ),j j min max min (1)

= + +
=
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where D is the average colour space distance between different colour
components (i.e. Ri, Gi, Bi) of the ith pixel to the current ( jth) frame
average (i.e. R̄, Ḡ, B̄), and N is the total number of occupied pixels of
the coalesced droplet. The difference D D( )max min denotes the full CV
range for complete mixing with reference to the initial frame at time

=t 0 where the CV is maximum (Dmax). Dmin is the average colour space
distance in the steady state as dominated by random noise. A 5% CV
threshold is enforced to indicate the droplet 95% mixing time (t95).

2.5. Principle of stationary hydrodynamic-flow-enhanced micro-mixing

In this work, we propose a single-electrode stationary rapid micro-
mixer using a slow AC actuation signal (below 1 kHz) to induce droplet
boundary oscillation [35], which enhances the internal hydrodynamic
flow as shown in Fig. 1(b). It can support rapid reagent mixing at well-
regulated temperatures under a wide range of medium concentrations.
According to the Young-Lippmann equation in (3), the droplet contact
angle can be modulated between t( ) and 0 with the AC electrowetting

effect, which is due to the nonlinear electrical stress acting on the bi-
polar surface charge induced at the droplet and silicone oil interface,
defined as

= + = +
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where is the voltage drop across the dielectric membrane, is the li-
quid/filler media surface tension, and and d are the permittivity and
thickness of the dielectric layer, respectively. Notice that the droplet
contact angle defined in Eq. (3) can only be modulated with an ac-
tuation signal below fRC. As is a time-varying component with an ac-
tuation frequency fa, the three-phase contact line is periodically
modulated between the spreading and the receding phase. Since

= = + ×V t V cos f t V V cos f t( ) (2 ) 0.5 0.5 (2 2 )a a
2

0
2 2

0
2

0
2 , the oscillation

component of the droplet is at twice the actuation frequency (i.e.
=f f2 a), which is consistent with previous observations [36] using open

DMF platforms.
This oscillation can directly lead to the pressure adjustment at the

droplet boundary, leading to boundary deformation. As discussed in
[35], the pressure within the droplet is also proportional to V t( )2 with
an oscillation frequency of f2 a. The centre of mass of the droplet fluc-
tuates due to both the boundary oscillation and the corresponding
pressure modulation mechanisms, which further lead to the droplet
internal hydrodynamic flow (i.e. drift of the fluid [35]). Such effect can
greatly enhance the molecular collisions and therefore the corre-
sponding mixing efficiency in the sandwiched droplets, as shown in
Fig. 1(b, c).

Benefit from this mechanical mixing enhancement technique, well-
regulated temperatures in the droplet can be achieved. The displace-
ment current across the dielectric membrane can also be greatly in-
hibited due to the low actuation frequencies (in the range of kHz). This
limits the ohmic current flowing through the conductive droplet to be at
the nano-/pico-Ampere level, contributing negligible power dissipa-
tions on the droplet.

2.6. DMF procedure for DNA hybridization kinetics investigation

Fig. 1(d) shows the overview of the DMF device for the investigation
of DNA hybridization kinetics with the proposed rapid micro-mixing
technique. Both flanks with reservoirs serve to dispense and transport
the MB probe and the target DNA to the middle chambers for stationary
rapid mixing/hybridization in oil phase (silicone oil, 1 cSt, Clearco,
USA). A large mixing chamber is utilized to accommodate for the
droplet deformation during the experiments so as to maintain a uniform
global electric field across the entire droplet for mixing/hybridization
efficiency evaluation. To initialize the hybridization process, we ap-
plied an AC sinusoidal waveform ranging from 100Hz to 1k Hz to the
chambers. The fluorescence intensity and temperature fluctuation of
the hybridization process are recorded in real-time as illustrated in
Fig. 1(e). The chambers are kept activated throughout the experiment
to ensure a steady mixing environment.

3. Results and discussion

3.1. Driving frequency

Here we study the effect of the driving frequency on the droplet
mixing efficiency in the proposed DMF platform. Two droplets con-
taining 1 μM DNA (DNA probe for H7N9 DNA segment 4 HA), and
10mM Tris−HCl buffer are dispensed and mixed together. The fluor-
escence intensity change of the coalesced droplet is used to evaluate the
mixture homogeneity. A wide actuation frequency ranging from 100Hz
to 10 kHz with a voltage amplitude of 150 Vrms is applied to the coa-
lesced droplet for rapid micro-mixing. For higher frequencies above
10 kHz up to 6MHz, the applied voltage is set to 100 Vrms due to the
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limitation of the test setup. Theoretically, as the frequency gradually
increases beyond fRC, the magnitude of the boundary oscillation di-
minishes which is consistent with [36]. The temperature variation of
the coalesced droplet is real-time monitored to characterize its re-
lationship with the applied driving frequency. We control the droplet
size to have a diameter of approximately 800 μm. The spacer thickness
is fixed at 150 μm. Fig. 2(a) shows the measured 95% mixing time t95
with respect to the actuation frequency. At a fixed driving voltage of
150 Vrms, we observe internal hydrodynamic flow induced by the
droplet boundary oscillation from 100 Hz to 10 kHz. From Fig. 2(a), we
can observe that the droplet temperature change is within± 0.1 ℃
(limited by the thermal imager accuracy), as there is no observable
electric-field gradient found across the droplet in the low frequency
range [37]. As the frequency further increases, a weak electric-field
gradient is established, causing an increase in the droplet temperature.
During the experiment, the no-flow state is detected within the 10 kHz
and 1MHz range, where the mixing process is dominated by pure dif-
fusion with a much longer mixing time of> 50 s. When the frequency is
beyond 1MHz, internal flow inside the droplet reappears due to the
electrothermal effect [38–41]. The significant electric field induces
local elevated temperature gradient ΔT, which in turn varies the per-
mittivity and conductivity inside the droplet in the microscopic scale to
improve the mixing efficiency. With a 150 μm spacer thickness, the
minimum mixing time for the homogenous DNA mixing experiments
are 2.03 s at 700 Hz (150 Vrms, ΔT< 0.1℃) and 33.38 s at 6MHz (100
Vrms, ΔT= 11.9 ℃), respectively. Fig. 2(b) shows the normalized CV at
700 Hz, with the evolution of the mixing conditions illustrated in the
image insets. The mixing efficiency improvement as observed is im-
portant for the development of biochemical applications on DMF plat-
forms. For selective synthesis [42–44] targeting high product yield and
purity, efficient mixing of original reactants can promote the primary
reactions and suppresses the undesired consecutive side reactions.
Apart from that, reaction kinetics characterization can be another im-
portant scenario for reaction quantification and assessment, since the
reaction rate can vary significantly due to the reaction chamber con-
figuration and the homogeneity of the mixed reactants. Efficient mixing
is a major bottleneck on DMF platforms due to the intrinsic laminar
flow conditions, and it ultimately restrains the development of on-chip
DNA hybridization and high throughput molecular diagnostics.

Even though we cannot perform experiments at a frequency
of> 6MHz due to the test setup limitation, the trend to further shorten
the mixing time at a higher mixing frequency can still be anticipated.
However, as observed in Fig. 2(a), the droplet temperature can also
increase exponentially as frequency increases due to the augmented
droplet power dissipation PL . With negligible ITO resistance, PL can be
defined in Eq. (4), as

= × = ×
+
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R
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2
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where Vrms is the root-mean-square value of the actuation AC signal, VL
and IL are the voltage drop and ohmic current across over the droplet, fa
is the actuation frequency, RL are the resistance of the conductive
droplet, CD is the capacitance of the dielectric membrane, and XL and
XD are the reactance of the sandwiched droplet and dielectric mem-
brane, respectively. At high actuation frequencies, the droplet voltage
increases, leading to a higher power dissipation across the droplet and
hence an increased temperature, which is consistent with observation
and measurement.

The electrothermal effect becomes significant when the frequency
is> 1MHz, also shown in Fig. 2(a). Though the temperature increase
within the droplet using high frequencies can be beneficial to some
biochemical assays which require fast local temperature modulation,
the increased current flow and weak temperature control within the
mixing droplets can conversely impair the experimental conditions for
temperature sensitive assays including DNA hybridization, drug
screening and living cell cultivation [45,46]. As an example, the ele-
vated temperature can reduce the enzyme activity and even cause the
enzyme to denature, which will inevitably undermine the DNA hy-
bridization efficiency and damage the rate of cell metabolism in PCR
and cell experiments. Based on our results, an actuation frequency from
100Hz to 1 kHz, which is best suited for the investigation of hy-
bridization kinetics, is selected for the subsequent experiments.

3.2. Voltage amplitude and device spacer thickness

Besides the actuation frequency, the driving voltage amplitude as
well as the spacer thickness also play key roles in affecting the mixing
efficiency. Their influences are investigated by using the identical ex-
perimental settings as mentioned above, i.e. 1 μM DNA (DNA probe for
H7N9 DNA segment 4 HA) and 10mM Tris−HCl buffer. Fig. 3(a) shows
the experimental results using 75, 100, 150, and 200 Vrms with a spacer
thickness of 150 μm. Though the initiation of the boundary oscillation
and internal hydrodynamic flow is independent of the applied voltage
amplitude, the oscillation and flow magnitudes become stronger as the
voltage amplitude increases. Despite achieving a fastest mixing time of
1.63 s at 200 Vrms (700 Hz), the contact line of the coalesced droplet
becomes extremely unstable and the ejected pico-litre satellite droplets
can undermine the target solution concentration. Consequently, we
select a driving voltage amplitude of 150 Vrms, which exhibits com-
parable mixing speed, for the subsequent experiments.

Fig. 3(b) shows the mixing performance with four different spacer
thickness: 150, 250, 350, and 450 μm at 150 Vrms. For each case, we
maintain the droplet size to have a diameter of approximately 800 μm
for both the initial droplets. The experimental results show that the

Fig. 2. (a) The effect of frequency on
the mixing efficiency and temperature
variation of the mixing droplet, con-
sisting of 1 μM DNA and 10mM
Tris−HCl buffer with a diameter of
approximately 800 μm at 150 μm
spacer thickness. The amplitude of the
applied voltage is set @ 150 Vrms

(100 Hz – 10 kHz) and 100 Vrms

(20 kHz – 6MHz). We have conducted
3 independent experiments at ambient
temperature (25 ℃), showing that a
sub-kHz actuation frequency can im-
prove the mixing time without in-
creasing the droplet temperature. (b)
Example mixing process with experi-

mental images at 150 Vrms (700 Hz) and 150 μm spacer thickness, showing a 95% mixing time of< 2 s based on the normalized coefficient of variation (CV). See
Supplementary Video Information SV1.
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spacer thickness can affect the droplet mixing efficiency, and the fastest
mixing time is 1.57 s with a spacer thickness of> 250 μm (150 Vrms,
700 Hz). This is due to the enhancement of the vertical fluid flow as the
gap height increases. However, this is also a direct trade-off with the
electric field strength across the droplet under the same driving voltage
amplitude (and hence the droplet boundary oscillation amplitude).
Apart from that, a wider spacer thickness can also jeopardize normal
DMF functions such as droplet splitting and dispensing. Consequently, a
spacer thickness of 150 μm is selected as it provides a comparable
mixing performance while supporting all the droplet manipulation
functions.

3.3. DNA concentrations in Tris−HCl buffer

Rapid mixing of diverse solute concentrations is necessary for
flexible DNA hybridization kinetics investigations. Here, we investigate
the impact of DNA molecules at different reagent concentrations on the
mixing efficiency. Fig. 4(a) presents the mixing time using diverse DNA
molecule concentrations (1, 5, and 10 μM) of DNA probe for H7N9 DNA
segment 4 HA in a 10mM Tris−HCl buffer. In theory, a higher mole-
cule concentration can increase the solution viscosity and consequently
enhance the shear force Fs as defined in Eq. (5),

=F r
h

(2 ) 6
s

2
(5)

where h is the spacer thickness, and r , , and are the radius, visc-
osity, and velocity of the droplet, respectively. This shear force should
oppose the diffusive mixing process and increase the mixing time.
However, as observed in Fig. 4(b), the measured normalized CV

evolution with respect to the mixing time using 1, 5, and 10 μM DNA
are 2.02 s, 1.37 s, and 1.28 s under 150 Vrms (700 Hz), respectively. The
negative correlation between the experimental mixing time and the
DNA concentrations regardless of the applied actuation frequency can
be resulted from the rapid dispersion of the DNA molecules in the
presence of the hydrodynamic flow. This can mitigate the shear force
effect and enhance the molecular diffusion within the mixing droplet.
One interesting observation is that unlike the electrothermal technique
[31] where the required inner temperature gradient for active mixing is
highly dependent on the reagent concentrations, our proposed tech-
nique can achieve consistent mixing time reduction throughout the
experiments. This can further support the mixing-sensitive bioanalysis,
such as hybridization kinetics investigation with wide-range solute
concentrations. Apart from that, the possibility of rapid mixing in-
dependent of medium concentrations can also alleviate the non-specific
reactions (e.g. competitive-consecutive and competitive-parallel types)
in the chemosynthesis and synthesis of nucleic acid, leading to the re-
duction of undesired by-products and increase in the product stability.

3.4. DNA hybridization kinetics on DMF

Accurate and efficient hybridization kinetics plays a critical role in
molecular diagnostics to discriminate the perfectly matched DNA
binding over the mismatched one for cancer subtypes classification,
pathogen and polymorphisms identification, etc. We demonstrate the
suitability of our proposed technique for the investigation of on-chip
real-time DNA hybridization kinetics using the DNA target of Kras gene
and its corresponding hairpin structured molecular beacon probes. The
length of the stem in the molecular beacon probe is 1 base pair (bp)

Fig. 3. Experimental results illustrating the 95% mixing time versus the driving frequency from 100 Hz to 1000 Hz at (a) different actuation voltages with a 150 μm
spacer thickness configuration; and (b) different spacer thicknesses @ 150 Vrms. We have performed 3 trials with constant droplet size (diameters of approximately
800 μm) at ambient temperature (25℃). The general trend of a faster mixing time with either a higher actuation voltage or a larger spacer thickness can be observed.

Fig. 4. Experimental results illustrating
the 95% mixing time versus the driving
frequency from 100 Hz to 1000 Hz at
150 Vrms in 150 μm spacer thickness
configuration: (a) DNA (1 μM, 5 μM,
and 10 μM) with 10mM Tris−HCl
buffer. (b) Normalized CV with experi-
mental mixing images for 1, 5, and
10 μM DNA dilution with 10mM
Tris−HCl buffer at 150 Vrms (700 Hz).
We have conducted 3 trials for each
experiment at ambient temperature (25
℃), showing a faster mixing time at
higher molecule concentrations.
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while the loop structure is 16 bases. The melting temperature (Tm) of
the hybrid double strand DNA (dsDNA) is 73.5 ℃. All the molecular
beacon probes are labelled with the identical Cy3 fluorophore at one
end and a BHQ2 quencher at the other. We observe the hybridization
kinetics through the real-time monitoring of the fluorescence intensity.
We have also compared with the existing stationary mixing method, i.e.
the electrothermal technique in [31], using the same experimental
setup.

The DNA hybridization assays are conducted at ambient tempera-
ture of 25 ℃ to ensure enough probe-target binding. As shown in
Fig. 5(a), 1 μM of the DNA target and the molecular beacon probe are
dispensed and transported to the reaction chambers for continuous
fluorescence monitoring of the hybridization solution. Fig. 5(b, c) il-
lustrates the fluorescence restoration in percentage as a function of time
under different experimental conditions. As observed in Fig. 5(b), the
efficiency of hybridization kinetics under pure diffusion is 13.52×

slower than the proposed technique using a 700-Hz actuation for
reaching the hybridization equilibrium. The corresponding reaction on-
rate constants are = ×k 1.05 10 M son diffusion,

4 1 1 and
= ×k 14.2 10 M son Hz, 700

4 1 1, respectively. However, even with the per-
fectly matched targets and probes, biased hybridization kinetics in the
form of mismatched DNA binding is observed using the electrothermal
technique with 2MHz and 6MHz driving frequencies, where the hy-
bridization equilibrium are 18% and 35% lower than the reference (i.e.
based on pure diffusion), respectively. This is mainly caused by the
elevated temperature inside the DNA binding droplet
( =T 4.73 Cequil MHz, 2 , and =T 12.2 Cequil MHz, 6 ) due to the excessive
power dissipated as explained in Eq. (4). Fig. 5(d) compares the droplet
temperature variation using the proposed technique @ 700Hz actua-
tion and the electrothermal effect @ 2MHz and 6MHz. It can be ob-
served that the temperature in the hybridization solution based on the
electrothermal technique keeps increasing before reaching the

Fig. 5. Hybridization kinetics of the molecular beacons in the presence of 1 μM DNA target of Kras gene related to lung cancer. (a) DMF device for the investigation of
target-beacon hybridization kinetics. The DNA hybridization process are performed at 25 ℃ and 150 μm configuration with three trials each: (b) pure diffusion and
700 Hz mixing at 150 Vrms; and (c) 700Hz mixing at 150 Vrms and 2MHz and 6MHz at 100 Vrms. The hybridization reaction in 700 Hz achieves the faster
hybridization equilibrium and on-rate constant ( = ×k 14.2 10 M son Hz, 700

4 1 1) than the diffusion one ( = ×k 1.05 10 M son diffusion,
4 1 1). Biased hybridization kinetics are

observed with 2 and 6MHz driving frequencies, which elevate the temperature in the hybridization solutions as illustrated in (d). Hybridizations conducted at 25 °C,
40 °C and 60 °C, with = ×k 25.1 10 M sC40

4 1 1 and = ×k 49.6 10 M sC60
4 1 1, as shown in (e). See Supplementary Video Information SV2.
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equilibrium, showing a heating rate of 0.38 and 0.88 ℃/s, respectively.
However, the proposed technique exhibits negligible droplet tempera-
ture change of within± 0.1 ℃. The final amount of the hybrid dsDNA
can also accurately yet rapidly approach to the reference hybridization
equilibrium based on pure diffusion, as observed in Fig. 5(b), demon-
strating the proposed technique as a promising method for future
temperature and mixing sensitive applications.

Detection sensitivity of the fluorescence intensity can be an im-
portant parameter for quantifying the DNA target molecules. As shown
in Fig. 5(c), hybridization at 700-Hz can achieve 2.4× and 3.9× higher
detection sensitivity at a reaction/testing time of 60 s when compared
to the 2-MHz and 6-MHz ones, respectively. This is mainly due to the
elevated droplet temperature at high mixing frequencies. Since the
hybridization in this work is a single chemical reaction without any
competitive-consecutive schemes, the measured final quantities of the
hybridized dsDNA between the hybridization at 700-Hz and the diffu-
sive one should be identical, as shown in Fig. 5(b). Due to the non-
homogenous environment, the reaction time of DNA hybridization
characterization in DMF platforms using pure diffusion can be espe-
cially long (in the order of few to tens of minutes), which can sig-
nificantly limit the throughput of the DMF system. The proposed mixing
technique can resolve this issue and result in a 13.52× improvement in
reaction rate, as well as a 6.9× higher detection sensitivity at a reac-
tion/testing time of 60 s when compare with the pure diffusive one.

Apart from characterizing the DNA hybridizations at room tem-
perature (i.e. 25 °C), we have also conducted identical experiments at
40 °C and 60 °C for investigating the temperature effect on the hy-
bridization efficiency. As illustrated in Fig. 5(e), with the proposed
mixing technique at 700-Hz, the hybridization kinetics at 25 °C can be
calculated to be 1.77×, and 3.49× slower than those at 40 °C and
60 °C, respectively. This can be due to the enhanced molecular kinetic
energy at increased operating temperature. The corresponding on-rate
constants under each operating temperature are

= ×°k M s14.2 10C25
4 1 1, = ×°k M s25.1 10C40

4 1 1, and =°k C60
× M s49.6 104 1 1, respectively. However, the fluorescence equilibrium

is 38%, and 52% higher for the 25 °C case, indicating that lower DNA
hybridization efficiency and undermined detection sensitivity take
place at higher temperature conditions. As observed, DNA hybridiza-
tion at higher temperature not only comes with enhanced hybridization
kinetics but also reaches the fluorescence equilibrium faster.

4. Conclusions

This paper describes a novel in-situ mixing enhancement technique
that mitigates the prominent cross-contamination issue in conventional
kinetic mixing methods, enabling the development of high-throughput
yet accurate hybridization kinetics on DMF systems. Comprehensive
investigations have been carried out to evaluate the mixing perfor-
mance in terms of the actuation frequency, voltage amplitude, and
spacer thickness. With the droplet boundary oscillation induced in-
ternal hydrodynamic flow, the optimal actuation frequencies for rapid
mixing under different experimental settings are found in the range
from 100Hz to 1k Hz. Benefitting from the mechanical mixing process,
the proposed method can achieve efficient mixing independently of the
solute concentrations for flexible hybridization experiments. The neg-
ligible temperature change is also favourable for the discrimination of
matched and mismatched binding for the DNA hybridization kinetics
investigation. Based on the hybridization experiments of Kras gene and
its corresponding molecular beacon probe in a complete DMF platform,
the hybridization equilibrium is more readily and accurately achieved
with the proposed micro-mixing technique over the diffusion and the
electrothermal counterparts on DMF platform. This rapid, homo-
geneous, and temperature-stable mixing technique is also envisioned to
provide opportunities for practical applications in chemosynthesis,
bioanalysis, drug delivery, and synthesis of nucleic acid on DMF sys-
tems.
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