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Abstract

Rapid and reliable micromixing requires continuous improvement to renovate more powerful microfluidics chip for che-
mosynthesis, biological assay, and drug purification. In this work, we realized rapid in-situ mixing in droplets on a closed
electro-microfluidic chip. Electrowetting and 2.5 GHz acoustic wave streaming were coupled into a monolithic chip for the
manipulation and active mixing of microdroplets, respectively. Finite-element analysis simulation provided three-dimensional
illustrations of turbulent flow pattern, fluid velocity, and vortices core locations. We carried out mixing experiments on differ-
ent scales from nanoscale molecules to microscale particles, accelerating mixing efficiency by more than 50 times compared
with pure diffusion. In the enzyme catalytic reaction experiment for biological assay demonstration, mixing efficiency of
biological samples improves by about one order of magnitude compared with conventional 96-well-plate assay. Limited
temperature rising of mixing in microdroplets validates biological safety, which guarantees potentials of the chip in various
biochemical analyses and medical applications.

Keywords Electrowetting-on-dielectric - In-situ mixing - Active mixer - Acoustofluidics - Integrated biochip

1 Introduction

Microfluidic technology, operating and analyzing fluids on
microscale, has made significant development from the early
1980s in lab-on-a-chip (LOC) and micrototal analysis sys-
tem (UTAS) (Darwin Reyes et al. 2002; Whitesides 2011).
To fulfill such complicated applications, basic microfluidic
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operations are essential on a chip and include dispersing,
mixing, separating, injecting, and delivering. Of these oper-
ations, mixing of analytes or reagents is a crucial step in
chemical reaction (Hiromitsu et al. 2015; Kim et al. 2016),
biological assay (Lynn et al. 2014), particles manipulation
(Liu et al. 2015), nanomaterial synthesis (Valencia et al.
2018; Wang et al. 2014), and protein study (Li et al. 2014).
Microfluidic mixing in volume of pL to pL leads to low-
efficiency mixing due to low Reynolds number regimes in
micron and nanoscale devices (Beebe et al. 2002).
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In recent years, various microfluidic mixing strategies
have been developed to realize homogeneous mixing in
shorter time for miniaturized and easy-to-use microflu-
idic chip (Hessel et al. 2005; Suh and Kang 2010). Current
mixing schemes are generally categorized as active mix-
ing (Hessel et al. 2005; Oberti et al. 2009; Suh and Kang
2010; Neild et al. 2010) and passive mixing (Hessel et al.
2005; Suh and Kang 2010; Lee et al. 2016) according to
the introduction of external energy. The strategies in pas-
sive mixing mainly focus on embedded barriers (Le The
et al. 2015) and geometric topology (Lee et al. 2009; Hong
et al. 2016) of microchannels to produce chaotic mixing or
laminar mixing, and its mixing efficiency relies on pumping
pressure, flow-rate control, and geometric design. Besides,
the three-dimensional structure of microchannels cannot be
reconstructed and the fabrication is non-trivial (Lim et al.
2011). On the other hand, active mixing typically has higher
mixing efficiency due to the introduction of external energy
or actuators, such as pressure (Glasgow and Aubry 2003),
thermal (Tsai and Lin 2002), electrodynamics (El Moctar
et al. 2003), electrokinetics (Chang and Yang 2007), elec-
trowetting (Mugele et al. 2011), dielectrophoresis (Viefhues
et al. 2012), magnetodynamics (Chen et al. 2013), and ultra-
sonic (Yang et al. 2001). For the electrical mixing methods,
the mixed media are limited to conducting liquid (Chun et al.
2008). For magnetic-force method including magnetic-bead
mixing, assistant complex manipulation is needed (Ballard
et al. 2016). Generally speaking, acoustic mixing is advan-
tageous in application scope. Physical properties of mixed
media are not limited due to a universal mechanical force
applied by acoustic waves. In addition, the non-contact mix-
ing by acoustic wave is safe in biological (e.g., cell) and
chemical applications (Xie et al. 2012; Wiklund 2012). In
the acoustic mixing category, surface acoustic wave (SAW)
has long been studied (Frommelt et al. 2008; Ding et al.
2013; Yeo and Friend 2014; Fu et al. 2017). Piezoelectric
transducer (PZT) has also been incorporated into micro-
fluidics to generate acoustic streaming and mixing (Madi-
son et al. 2017). Compared with the above two strategies,
thin-film-type device fabricated by MEMS technology as
another avenue has the advantages of smaller size (~ pum)
and higher frequency (~ GHz) (Pang et al. 2012; Zhang et al.
2017), which might contribute to high level of integration
for on-chip applications and large acoustic streaming force
for higher vortices velocity (~m/s). However, in the realm of
acoustic mixing, the research on GHz acoustic mixing (Cui
et al. 2016; Qu et al. 2017; Wang et al. 2017) is still limited.

Most active and passive mixing are carried out in micro-
channel chips, which need external pumping and control-
ling components, like pumps and valves. Besides, mixing
also requires a lengthy microchannel to flow through which
takes up a large portion of the chip. Thus, droplet-operation
form is necessary for portable multi-sample handling. As an
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alternative approach, electrofluidics based on electrowetting-
on-dielectric (EWOD) is a microdroplets manipulation tech-
nology free from pumps and valves. Electrofluidic chip can
control microdroplets individually, and reconfigure position
and actions of microdroplets on-demand (Cho et al. 2003).
These features make electrofluidics ideal for LOC appli-
cations (Jebrail et al. 2012; Samiei et al. 2016). However,
electrofluidics, lacking of pumping pressure, cannot adopt
passive mixing strategy. In addition, electrofluidics calls for
in-situ mixing to get rid of lengthy microchannels.

In this paper, EWOD droplet manipulation and active
acoustic micromixers were integrated in a monolithic
electrofluidic chip as a new strategy for on-chip mixing.
Ultrahigh frequency (~2.5 GHz) piezoelectric resonators
as acoustic micromixers were excited to produce turbulent
flow in microdroplets for in-situ, pumping-free, and highly
efficient mixing. In addition, multiple droplets can be manip-
ulated by EWOD actuator in multiplexed approach to sat-
isfy other basic microfluidic operations. The in-situ mixing
strategy and compact integration greatly improves the area
utilization and functions of chip. The integrated electroflu-
idic chip can target a wide range of synthesis and analysis
applications for LOC and uTAS.

2 Chip design and experimental methods
2.1 Mixing principle

The on-chip mixing strategy consists of droplets merging
via EWOD effect and acoustic streaming mixing. EWOD,
as a kind of electrofluidic technologies, operates droplets to
generate, transport, merge and mix, through modulating the
solid-liquid surface tension with alternative current (AC)
power, which is applied on the electrodes of EWOD (Cho
et al. 2003). Based on the fluids manipulation capabilities of
EWOD, acoustic micromixers are further combined for rapid
in-situ mixing of merged microdroplets. The micromixer is
designed based on the converse piezoelectric effect of piezo-
electric materials, generating ultrasonic waves with radio-
frequency (RF) signal applied on it. The intense mechanical
vibration of micromixer reaches the peak under its nature
frequency, where the acoustics wave will be excited. When
the micromixer is immersed in liquid circumstance, most
acoustic energy leaks into liquid due to low reflection coef-
ficient at liquid—solid interface, resulting violent microvortex
in liquid, which was defined as acoustic streaming effect
(Friend and Yeo 2011). Based on this concept, the integrated
electrofluidic chip, adopting EWOD and acoustic streaming
technologies, could operate multiple microdroplets flex-
ibly and satisfy the need of mixing for different samples
simultaneously.
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The schematic of a closed electrofluidic chip is shown
in Fig. 1a, showing two parallel plates with sandwiched
multiple microdroplets. Bottom plate (2.4 cm W X 3.7 cm
L) integrates EWOD (forty-four 2 mm X 2 mm electrodes)
and six acoustic micromixers, which process virtues of
compact integration and parallel multi-droplet operation.
Four larger electrodes of EWOD are designed as reservoirs
for continuous samples loading and collecting. The power
supplied on the responding electrode pads (not shown) of
EWOD for manipulate droplets is AC. The whole top plate
is indium—tin—oxide (ITO) glass as the ground electrode of
EWOD, forming a closed chip with bottom plate together.
The cross-sectional view of the closed integrated chip is
presented in Fig. 1b. The structure of EWOD includes posi-
tive electrodes, dielectric layer, and hydrophobic film. The
acoustic micromixer consists of a sandwiched structure (bot-
tom electrode, piezoelectric layer, and top electrode) and
Bragg reflector to reflect acoustic waves (Enlund et al. 2008;
Chen et al. 2010). The sharing of the same thin film (orange
part in Fig. 1b) between piezoelectric layer of micromixer
and dielectric layer of EWOD is the key to compact integra-
tion. The enlarged view (Fig. 1¢) of micromixer was cap-
tured by microscope. The longitudinal wave is excited in
the designed pentagon area, aimed to avoid spurious mode
caused by acoustic interference and determining the posi-
tion of acoustic vortices in microdroplet. Moreover, the
cross-sectional view (Fig. 1d) of micromixer presents the
detailed information of each layer, corresponding to each
layer in Fig. 1b. Based on the construction of integrated
chip, the process of in-situ mixing is shown in Fig. 2, in
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Fig.1 a Illustration of the integrated electrofluidic chip, consisting
closed EWOD structure (bottom chip and top plate) and six embed-
ded micromixers: several microdroplets are loaded on the closed chip;
the mixing processes are recorded by a digital camera. The size of
EWOD electrodes is 2 mm X2 mm. b Side view of integrated chip:
the merging and mixing of two different microdroplets by EWOD
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which two different microdroplets are driven to merge along
the patterned electrodes via EWOD force (Fig. 2a). Then,
AC power is turned off and RF signal is transmitted into
micromixer to implement the in-situ mixing via acoustic
streaming, as shown in Fig. 2b. When the mixing is com-
pleted, the new microdroplet could be driven to other areas
of the electrofluidic chip for further operations. In addition
to acoustic mixing, EWOD-force mixing and pure diffusion
have been studied and compared with acoustic mixing to
analyze their mixing efficiency. For EWOD-force mixing,
the merged droplet is driven (1 Hz) forward and backward
on three electrodes by EWOD force to accelerate the mixing.
For pure diffusion, the merged droplet does not move, and
the mixing is accomplished by pure diffusion force without
external perturbation.

The integrated electrofluidic chip, capable of on-chip
droplet operation (parallel transporting, rapid mixing),
should cater the applications in the biological field. For some
biochemical reactions, reducing mixing time is preferable for
assays to avoid excessive internal or external disturbance,
since some products will degrade or oxidize very quickly
with reaction proceeding. In this work, the mixing of bio-
molecules based on enzymic catalytic reaction commonly
used in enzyme-linked immunosorbent assay (ELISA) was
studied. The reaction needs enzyme and substrate reagents
as reactants and the substrate will change into a colored
product by enzyme catalysis. The amount of the product
directly relates to the amount of the target substances in the
sample, and could be qualitatively or quantitatively analyzed
according to the depth of the color reaction. Qualitative test
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effect and acoustic streaming, respectively. The gap between bottom
chip and top plate is 480 um. ¢ Top view of the micromixer under
optical microscope: the pentagon area is the acoustic excitation
region and the rectangular area is Bragg reflector. d Sectional view of
the micromixer by scanning electron microscope (SEM), correspond-
ing to each layer in b
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Fig.2 a Process of in-situ mixing on closed electrofluidic chip with a
micromixer embedded between adjacent electrodes of EWOD. Merg-
ing the two microdroplets via EWOD effect with AC power applied
on the electrodes, and then b mixing the merged droplet via acoustic
streaming induced by micromixer with RF power input. ¢ Schematic

was used in this paper to determine whether the target sub-
stances (antigen or antibody) are present in the specimen.
Figure 2¢ shows the schematic diagram of enzymic catalytic
reaction using tetramethylbenzidine (TMB) and horseradish
peroxidase (HRP) as substrate and catalytic agent, respec-
tively. Prostate-specific antigen (PSA), labeled with HRP as
the target substance, was evaluated by the colored product
(2,3-diamino-phenazin, DAP) as illustrated above. When
this reaction proceeds in a static liquid circumstance, the
thoroughgoing color turning is slow due to free diffusion, as
described in Fig. 2d (left). However, the interaction process
will be accelerated when bio-molecules are forced to collide
with the appearance of extra flow induced by acoustic wave,
as described in right of Fig. 2d.

2.2 Device fabrication

The fabrication of the integrated chip, as summarized in
Fig. 3, was based on the standard MEMS microfabrication
technology. The SiO,/Mo/Si0,/Mo/Si0O, acoustical Bragg
reflector was deposited on the Si substrate (400 pm) for
effective acoustic energy reflection (Fig. 2a). The thickness
of each layer was 1/4 1. Molybdenum (Mo) layer (200 um)
was sputtered and patterned (Fig. 3b), forming the actua-
tion electrodes (2 mm X2 mm) of EWOD and the bot-
tom electrodes of the acoustic micromixers. Then, highly
c-axis-oriented polycrystalline aluminum nitride (AIN) film
(1.1 um) was deposited (Fig. 3c). Afterwards, another Mo
layer (200 um) was deposited and patterned to form the top
electrodes of the acoustic micromixers (Fig. 3d). Thus, a
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diagram of mixing of bio-molecules in enzymic catalytic reaction.
The substrate (TMB) changes from colorless to yellow (DAP) under
the catalysis of enzyme (HRP). d Comparison between pure diffusion
under RF power OFF and acoustic streaming under RF power-ON

(a) Si0,/Mo/SiO,/Mo/SiO, (b) Mo depositionand
deposition and patterning patterning

(d) Mo deposition and (e) SiO2 deposition
patterning

() AIN deposition (f) Teflon coating

Fig. 3 Illustration of the fabrication process

sandwich structure (Mo—AIN-Mo) of the micromixer was
formed. To improve device reliability, silicon dioxide (1 um)
as isolation layer was further deposited above the AIN film
(Fig. 3e). TiW (100 nm) and Au (300 nm) were successively
deposited on the electrodes of micromixers for RF signal
transmission (not shown). Finally, 1% Teflon (~ 30 nm) as
the hydrophobic film of EWOD was spin-coated (Fig. 3f)
and baked for 15 min at 165 °C. In all experiments, ITO
glass (8.5 cm W x 1 cm L) was used as the ground electrode
of EWOD and also processed with Teflon. Double-sided
tapes as spacer were placed between ITO glass and bottom
plate.
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2.3 Measurement setup

The mixing efficiency of molecules and particles in micro-
droplets was measured by comparing pure diffusion, con-
ventional mixing, and acoustic streaming methods. The inte-
grated chip was assembled on an evaluation board, and the
micromixers bonded with Au wires were connected to RF
signal generator (N5172B EXG, Agilent) and power ampli-
fier (Mini-Circuits, ZHL-5W-422). For peripheral control,
we used PC and relay switch circuit to control the power
supply of each EWOD electrode. The power supply of AC
signal generator (GFG-8015G, GW Instek) was 70-90 V..,
1 KHz. The size of the gap (480 um) between top plate and
bottom chip together with the EWOD electrodes (2 mm)
defines the volume of microdroplet (~2.5 uL). After the
setup and samples were prepared, we set the control proce-
dure of EWOD on the PC and then loaded samples on the
reservoirs. After that, the automatic operation could be con-
ducted as the above-mentioned principle of in-situ mixing.
The whole on-chip operation process was recorded by a fixed
digital camera (EOS-550D, Nikon) above the integrated chip
with resolution of 25 frames per second. In addition, a ther-
mal imaging camera (CEM DT-980) was also fixed above
the chip to measure the temperature of microdroplets under
different RF powers.

2.4 Model simulation

To investigate flow-field distribution induced by acoustic
micromixer, we carried out a three-dimensional simulation
by finite-element analysis using turbulent flow module. A
finite water domain with 4 mm length, 2 mm width, and
480 um height above the pentagon region was established,
consistent with the size of microdroplet in the experiments.
The body force equation (Cui et al. 2016) was introduced at
pentagon region to characterize the acoustic streaming effect
in the liquid area, and all boundaries were set as slip condi-
tion. The piezoelectric acoustic device can excite ~2.5 GHz
longitudinal waves that mainly propagate along z-axis direc-
tion and dissipate in the liquid. The dissipation of the acous-
tic wave was converted to the kinetic energy of fluid, and
turbulent module was used to analyze the vortex velocity
distributions induced by acoustic streaming.

2.5 Normalized mixing characterization

We used MATLAB software to process selected pictures
acquired from digital camera. The characterization of mixing
was based on the uniformity of color in the whole merged
droplet. We extracted the color changes in RGB, and com-
puted its mean values of all pixels for the selected frames.
As the mixing goes on, the mean color values tend to be
constant (i.e., the color no longer changes), defined as final

state. Thus, the deviations of mean color values between
each frames and final state represent the unmixed portion.
By calculating the ratio of deviations to the final state, we
can get normalized indices to characterize mixing state at
different times. The expression of normalized mixing index
(NMI) is as follows:

I ~N ¢/ | N
N Zi:l Ii - N Zi:l I;
v s (1)

NMI=1- .
ﬁzi=1 i

where I; and [; are the RGB color intensity value of the ith
pixel of unmixed states and final states, respectively, while
N is the number of pixels of selected region.

2.6 Solutions

Tetramethylbenzidine (TMB) and horseradish peroxidase
(HRP) were purchased from Shanghai Linc-Bio Science Co.,
Ltd. The TMB solution used in our experiments was diluted
to ten times. Polystyrene (PS) particles (5 um dia.) were
purchased from BioScientific, Gymea NSM. Phenolphtha-
lein was purchased from Shanghai Yuanye Bio-Technology
Co., Ltd. Alkaline solution (pH 10) was compounded by
sodium bicarbonate (NaHCO;) buffer and sodium carbonate
(NaCOs;) buffer. Pluronic F-68 powder was purchased from
Shanghai yuanye Bio-Technology Co., Ltd. We dissolved
pluronic F-68 in deionized (DI) water to prepare 0.2% (w/v)
pluronic F-68 solution.

3 Results and discussion
3.1 Finite-element analysis simulation

Figure 4 shows the flow pattern and velocity distribution
in the plane perpendicular to the surface of pentagon at
300 mW power input. It is clear that the acoustic flows rise
up from the bottom of liquid and rotate clockwise or coun-
terclockwise to the surroundings of the device, forming two
symmetrical vortices in the interior of liquid. A three-dimen-
sional simulation (the inset) of the turbulent flows vividly
describes different sizes of streaming lines at any plane in
the whole flow field. As we can see, the maximum of the
simulated streaming velocity (1.31 m/s) occurs at the edge
of the device. Reynolds number calculated by the maximum
velocity is 3275, larger than the critical value (2300) in lami-
nar flow (Beebe et al. 2002), which further proves that the
fluid flows in this system are turbulent flows. These simu-
lated results prove the feasibility of using acoustic actuator
for liquid mixing.

@ Springer
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Fig.4 Simulation results of the
turbulent mode when micro-
mixer is immersed in water:
flows pattern and velocity
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3.2 Nanoscale molecular mixing

Inhomogeneous

Colorimetric pH experiments were conducted to validate
the molecular mixing ability of this integrated electrofluidic
chip. Two 2.3 pL microdroplets (indicator and test agent)
were loaded on the chip separately, and driven to (U,
=70V, 1 KHz) merge via EWOD force. The gap height
was set to 480 um. Figure 5 describes the colorimetric pH
measurements with phenolphthalein solution (with addi-
tive 0.2% w/v pluronic F-68) and alkaline solution (pH 10,
with additive 0.2% w/v pluronic F-68). The reaction began
at the moment of merging, and shows amaranth color at the
region, where two solutions completely mixed. We defined
the moments when two droplets collide together as t=0 s for
each mixing experiment.

Figure 5a shows a series of pictures showing the progress
of pure diffusion in static-merged droplet. The reaction was
still incomplete after 6.5 min. Figure 5b details a conven-
tional mixing method usually used in EWOD mixing: the
EWOD force moved the merged droplet forward and back- 0 5 10 15 20 25 30 35 40
ward (1 Hz) to speed up mixing. Although the molecular
interactions were accelerated by the electro-hydrodynamic (c)
force of EWOD, it still needed 33 s to finish 99% mixing, as 1.0 ~*— Acoustic mixing
the normalized index of mixing process shown. Figure 5c
illustrates the acoustic mixing and normalized mixing index
with time: EWOD force actuated two microdroplets merg-
ing, and then, micromixer began to work under 300 mW RF
power input. The violent acoustic streaming produced by
the propagation of acoustic wave in liquid accelerated the
molecular interactions, taking 8 s to complete 99% mixing.
The results indicate that the mixing efficiency via acous-
tic streaming is more than 50 times higher than pure diffu-
sion method and three times higher than the conventional
EWOD-mixing method. 0 1 2 3 4 5 6 7 8 9 10 11 12

Time (s)

Normalized mixing index
o o o
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3.3 Microscale particle mixing
Fig.5 Characterization of molecular-scale mixing for colorimetric
For the mixing in micron scales, 5 um dia. polystyrene (PS) pH measurement after the coalition of phenolphthalein solution (left:

: P : 2.3 L) and alkaline solution (right: pH 10, 2.3 pL), using a pure dif-
icl T feature the mixing pr in a mer
particles were used to feature the mixing process in a merged fusion, b conventional EWOD mixing by driving the merged droplet

droplet. The mixing of micron particles is more challenging  foyard and backward, and ¢ acoustic mixing via the propagation of
in practical applications because of low diffusion coefficient,  acoustic wave
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non-negligible gravity, and complicated collision. As shown
in Fig. 6a, EWOD force (U,,,,, = 80 V, 1 KHz) pulled the
two aqueous microdroplets together of which one contained
PS particles, and then driven the merged droplet moving
forward and backward. Quite a few of PS particles were
pushed into left from right (driving towards the right) at
t="7 s, while most of them returned back to their original
position basically (driving towards the left) at t=8 s because
of the round trip of flow. Thus, the conventional EWOD-
mixing method requires particles to take more time to reach
a uniform distribution. The total time was about 35 s for
complete EWOD mixing using the closed electrofluidic chip.
Besides, it is difficult for particles to launch pure diffusion
due to the excessive mass of particle after driving to merge
by EWOD force.

In the acoustic mixing method, particles in acoustic wave
field are subject to four forces: gravity force, buoyant force,
acoustic radiation force, and streaming-induced drag force.
The gravity force and buoyant force are almost balanced,
because the density of PS particle (1.05 g/cm?) is very close
to water. Based on the Stoke’s law for plane sine wave propa-
gation in isotropic and homogeneous medium (Stokes 1845),
the acoustic waves decay exponentially along the direction
perpendicular to device surface and can be approximated to
zero in the region above 50 um. In the in-situ mixing system,
the effect of acoustic radiation force can be neglected due
to the larger liquid region (4 mm L X2 mm W X480 um H).
Therefore, the movement of particles is mainly dominated by
drag force. Figure 6b presents the result of particles in-situ

Fig.6 Experimental valida-
tion of particle scale mixing
in aqueous microdroplet. The
sequence frames of a conven-
tional EWOD mixing by driving
the DI water (left: 2.5 pL) and
PS particles (5 pm) aqueous
microdroplet (right: 2.5 pL)
forward and backward and b
in-situ acoustic mixing under
500 mW power input

mixing via acoustic streaming. Similar to the previous steps,
EWOD force driven the two microdroplets to merge, and
then, acoustic wave created directional streaming which
forced particles to the surroundings following the results of
simulation. All the PS particles stopped moving after turning
off the RF power (see the Electronic Supplementary Mate-
rial). The acoustic mixing method of PS particles reduces
the mixing time to 5 s, which improves the mixing efficiency
by ~ 6 times compared with the conventional EWOD-mixing
method. Figure 7 shows the normalized evaluation curves
of EWOD force and acoustic mixing efficiency, respectively.
The oscillation of curve (EWOD-force mixing) comes from
the repeated movement of particles driven by EWOD force
(as in the case of =7 s and =28 s in Fig. 6a) and the awk-
ward situation for extracting RGB colors from particles
solution.

3.4 Enzyme catalytic mixing

The above-mixing results provided a further idea to demon-
strate a practical biological assay for lab-on-a-chip applica-
tions. We performed the enzymic catalytic reaction on the
integrated chip, as mentioned in Fig. 2¢c, d. Conventional
well-plate assay for ELISA, relying on pure diffusion of
bio-molecules, usually needs more than 10 min to reach
a complete mixing. The similar pure diffusion process is
shown in Fig. 8a. Microdroplets of samples containing TMB
(left) and HRP-Anti-PSA (right) were driven to merge, and
then, the catalytic reaction began based on the bio-molecule

@ Springer
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Fig.8 Application of rapid mixing for enzymic catalytic reaction on
the electrofluidc chip. The sequence frames of a conventional well-
plate assay based on pure diffusion after the coalition of TMB solu-
tion (left: 2.5 uL) and HRP-Anti-PSA (right: 2.5 pL) solution and b
acoustic mixing due to the propagation of acoustic wave

interaction by pure diffusion. The reaction was still incom-
plete after 12 min. For EWOD-force mixing, the results are
not presented here, because it is difficult to effectively drive
the reagents droplets owing to the low contact angle of TMB
reagent. However, for some bio-reagents droplets with rela-
tively low surface tension, such as buffer, saline solution,
and even cell-culture medium, the integrated chip is able to
drive and merge the droplets, and hence, EWOD mixing is
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also feasible. In contrast, mixing of bio-molecules by acous-
tic streaming was carried out. Figure 8b shows the reaction
process and normalized color characterization according to
the above-normalized characterization: 99% catalytic reac-
tion was completed at 110 s under 300 mW power input,
which indicates an accelerated reaction efficiency by more
than six times. Compared with the above-mixing experi-
ments (particles and molecules), catalytic reaction is not
a process of solely mixing, after which it takes a certain
amount of time to react. The preliminary analysis demon-
strates that bimolecular mixing via acoustic streaming on
the integrated chip can be further used in biological assays.

4 Discussion

The above results demonstrate efficient in-situ mixing in dif-
ferent scales for on-chip sample preparation and analysis.
Still, there are several aspects need to be taken into account
for robustness and application scope. The acoustic energy
transferred to the droplet will eventually produce heat in
samples. With the increase of input power, the resulting
heat will inevitably be a concern. The temperatures of the
samples during mixing should be kept in a moderate range,
because biological contents, such as proteins and enzyme,
might lose activity due to excessive temperature. We meas-
ured the temperature of PBS sample using a thermal imag-
ing camera with different powers applied to micromixer.
Figure 9a shows the temperature measurements at 0 mW,
100 mW, 200 mW, 300 mW, and 500 mW after the tem-
perature becomes stabilized. The highest temperature of
sample goes to 36.3 °C at the power input of 500 mW. The
maximum temperature increment of ~ 10 °C is applicable
for many biochemical reactions. For example, the activity
of enzyme could reach highest at 37 °C. In addition, the
temperature increment can be controlled by adjusting the
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Fig.9 a Temperature measure- (a)
ments of PBS microdroplet
under different powers applied
to micromixer. The measure-
ments were performed after the
temperature becomes stabilized.
The data points in the tempera-
ture—power graph were obtained
from the highest temperature of
the microdroplet. b Tempera-
ture measurement of droplet

by EWOD-force mixing during
2 min
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input power. The adjustment of temperature could also be
utilized in applications that need certain temperature to acti-
vate or accelerate specific reactions. Besides, for pure dif-
fusion, the temperature of droplet is steady (i.e., 25.6 °C);
For EWOD mixing, EWOD drives the droplets by changing
the surface energy of liquid—solid interface, in which very
little energy turns into heat. Thus, the temperature of droplet
hardly changes (from 25.4 to 25.9 °C) after 2 min, as shown
in Fig. 9b.

Since the acoustic streaming has a certain range of action,
for the mixing in the microfluidic system, the boundary size
of the microfluidics affects the position and velocity of vor-
tices, which in turn affects the mixing effect. Different from
PZT acoustic mixing (Madison et al. 2017), thin-film acous-
tic micromixer with higher frequency would produce larger
body force to form violent acoustic streaming. On the other
hand, the micromixing at open boundary (Qu et al. 2017;
Wang et al. 2017) and in microchannel (Cui et al. 2016)
has been reported. Differently, we investigated the flow
velocity of in-situ microdroplet-mixing of different scales
under closed boundary. A finite water domain with different

heights (z) and fixed lateral sizes (x=4 mm, y=2 mm)
was established. Figure 10a describes the changes of aver-
age velocity with the liquid height, with the flow velocity
reaches maximum at ~0.5 mm. Apart from the height factor,
lateral dimension would also act on the flow velocity. Differ-
ent lateral sizes of finite water domain were analyzed with
fixed gap height (z=0.5 mm), as the orange curve shows:
the effects of lateral size (x or y) within a reasonable range
on flow velocity are almost negligible compared to the longi-
tudinal. In addition, the vortices are farther and higher along
x and z directions, as the gap height increases, as shown in
Fig. 10b. From the perspective of external system, the gap
height between the top plate and bottom chip is a depend-
ent parameter for the mixing efficiency in microdroplet. In
a word, the design of longitudinal and lateral dimension in
closed boundary determines the flows and the patterns of
vortices, which will further affect the mixing efficiency.

In another aspect, the acoustic streaming effect varies
in different liquid properties, such as viscosity (molecular
weight) and density. Therefore, in this work, the improve-
ment of mixing efficiency at different scales is uneven. As
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Fig. 10 Simulation results of flow velocity with different dimensions of finite water domain. a Relationship between average velocity and differ-
ent dimensions (height and lateral). b Position of vortex along x and z directions as the increase of gap height

the results of mixing experiments show, the mixing effi-
ciency of acoustic mixing was increased by 50 times at small
molecule scale, but six times at macromolecular scale, com-
pared with pure diffusion. The mechanism will be further
investigated and modeled in our future work. Meanwhile,
the volume of sample will also change as height changes
according to the driving principle in EWOD. Besides, the
ratio of supplied power to the streaming velocity of fluids
should be optimized for higher mixing efficiency and smaller
temperature increment. Thus, the optimization of relevant
parameters to further reduce the mixing time, droplet vol-
ume, and power consumption will be studied in our future
work.

5 Conclusion

In summary, we reported a new strategy for on-chip, rapid,
and in-situ mixing in microdroplets via integrating bulk
acoustic wave micromixer array on a closed electrofluidic
chip. Efficient mixing has been demonstrated in molecular
scale and micron particles’ solution, which greatly improves
the mixing efficiency compared with pure diffusion and
conventional EWOD-mixing methods. We demonstrated
biological assay by accelerating the enzyme catalytic reac-
tion. Besides, measurements of temperature in microdro-
plet validated that the heat produced by acoustic wave is
controllable and moderate. These mixing results verify the
availability and superiority of integrating ~ GHz acoustic
micromixer with EWOD-based electrofluidics for efficient
in-situ mixing. Further development and optimization of the
chip will focus on faster mixing, smaller usage of reagents,
lower consumption of power, and functional diversification

@ Springer

(e.g., sensing and heating), better qualified for practical LOC
applications.
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