1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Micromech Microeng. Author manuscript; available in PMC 2019 October 04.

-, HHS Public Access
«

Published in final edited form as:
J Micromech Microeng. 2017 ; 27(1): .

Mixing high-viscosity fluids via acoustically driven bubbles

Sinem Orbay?l, Adem Ozcelik?, James Lata?, Murat Kaynak?, Mengxi Wu?, Tony Jun
Huang?l:2

Tony Jun Huang: junhuang@psu.edu

1Department of Biomedical Engineering, The Pennsylvania State University, University park, PA
16802, USA.

2Department of Engineering Science and Mechanics, The Pennsylvania State University,
University park, PA 16802, USA.

Abstract

We present an acoustofluidic micromixer which can perform rapid and homogeneous mixing of
highly viscous fluids in the presence of an acoustic field. In this device, two high-viscosity
polyethylene glycol (PEG) solutions were co-injected into a three-inlet PDMS microchannel with
the center inlet containing a constant stream of nitrogen flow which forms bubbles in the device.
When these bubbles were excited by an acoustic field generated via a piezoelectric transducer, the
two solutions mixed homogenously due to the combination of acoustic streaming, droplet ejection,
and bubble eruption effects. The mixing efficiency of this acoustofluidic device was evaluated
using PEG-700 solutions which are ~106 times more viscous than deionized (DI) water. Our
results indicate homogenous mixing of the PEG-700 solutions with a ~0.93 mixing index. The
acoustofluidic micromixer is compact, inexpensive, easy to operate, and has the capacity to mix
highly viscous fluids within 50 milliseconds.
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1. Introduction

Microfluidic technology provides a plethora of unique benefits to the scientific and medical
communities including small sample volume, low reagent consumption, low cost, high
sensitivity, and high precision [1-4]. However, working at a low Reynolds number (Re)
presents significant challenges for mixing highly viscous fluids in a microfluidic device [5—
7]. Numerous microfluidic diagnosis and analysis platforms require handling of such high-
viscosity fluids in applications including biochemical reactors [8-11], biological sample
preparation [12-14], and bioanalysis [15-17]. For example, sputum, which is an important
source for disease detection [14,18], needs to be liquefied and mixed with biological
reagents prior to analysis [13]. Furthermore, many biological or chemical processes, such as
syntheses and reactions, require a rapid mixing of reagents to yield a homogeneous mixture
before the reaction has completed [19-24].
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Regardless of the liquid’s viscosity, mixing within a microfluidic device is not a trivial
matter, as diffusive mixing is slow, requiring more than 100 seconds to mix fluids within a
simple 100 um wide microchannel [25]. When flow is introduced into a continuous flow
device, fluids flow in low Re laminar flow regimes with small diffusive transport through the
liquid-liquid interface. To address the challenge of fluid mixing, two major categories of
microfluidic mixers have been reported: active and passive mixers. Passive micromixers,
such as diffusion driven [26,27] and chaotic advection based [28-31], utilize the flow
velocity and channel geometry to redirect and split the flow in the microfluidic channel.
Whereas active micromixers, such as thermal [32], optical [33], magnetic [34,35],
electrokinetic [36—38], and acoustic-based [39-45], use external forces to break laminar flow
and induce fluid mixing. An acoustic based micromixer was reported to mix high-viscosity
fluids via bubble generation and acoustic streaming, but the reported mixing time (2—4 s)
was prohibitively long for fast occurring chemical reactions [45]. Li ef a/. demonstrated
passive mixing of a moderate viscosity (~35 mPa s) fluid, but homogeneous mixing occurred
only at relatively high Re (~ 73.27) [6]. Our group recently developed a high-viscosity
micromixer using acoustofluidic bubble inception and oscillations from the microchannel
sidewalls, and achieved homogenous mixing of polyethylene glycol diacrylate (PEGDA) and
deionized (DI) water solutions with a viscosity of 48 mPa s within 100 milliseconds [5]. In
this method, bubble initiation and growth required a relatively high driving voltage (160
Vpp), and was not well controlled due to random emergence of bubble initiation sites.
Overall viscosity of the mixed fluids was limited because bubble nucleation and initiation
requirements were not adequate to mix higher-viscosity liquids. Due to the range of issues
with current strategies, a new method of high-viscosity micromixing is necessary for rapid
and consistently homogeneous results.

Acoustic bubbles have been widely used in various microfluidic platforms for applications
including fluid manipulation [46], mixing [47], cell stimulation [48], chemical gradient
generation [49] and particle manipulation [50-52]. In this work, we developed an
acoustofluidic device for mixing high-viscosity fluid via acoustically driven bubbles in a
microchannel. This micromixer utilizes strong bubble oscillations, which include steady
microstreaming and jetting effects [53], to continuously mix high-viscosity fluids. It is
shown here to achieve rapid and effective mixing of clear and fluorescein dyed PEG
solutions at very low Re (~ 0.01). The acoustofluidic micromixer is simple in design and
operation, and can be used in many lab-on-a-chip applications which involve high-viscosity
fluids under low Reynolds numbers.

2. Method

A single-layer, polydimethylsiloxane (PDMS) microfluidic channel with width, depth, and
length of 250 um, 100 um, and 1.2 mm was first fabricated using standard photolithography
and replica molding techniques. In short, a 4-inch silicon wafer was pretreated with
hexamethyldisilazane (HMDS) and patterned with a positive photoresist (Megaposit
SPR955, Microchem, USA). Then, a silicon master mold was fabricated using deep reactive
ion etching (DRIE). After surface treatment of the silicon mold with chlorotrimethylsilane
vapor (75-77-4, Alfa Aesar, USA), a 10:1 ratio of PDMS resin and curing agent (Sylgard
184, Dow-Corning, USA) was cured and demolded from the master mold. A biopsy punch
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(Harris Uni-Core 0.75 mm, USA) was used to open inlets and outlets of the PDMS
microchannels. After plasma treatment of the PDMS device and a glass slide (48404-454,
VWR, USA), strong bonding was achieved via overnight baking at 65 °C. A piezoelectric
transducer (90-4050, APC, USA) was bonded next to the PDMS device using a thin layer of
epoxy (Part#G14250, Devcon, USA). The piezoelectric transducer was driven using a radio
frequency (RF) signal generator (AFG3011, Tektronix, USA) and an RF power amplifier
(25A250A, Amplifier Research, USA) at 60-100 Vpp (peak to peak) and 30-40 kHz.
Operation frequency was obtained by sweeping the frequency and observing the maximum
mixing performance of the bubbles. Polyethylene tubes were inserted into the inlets and
outlets of the PDMS device.

Fluids to be mixed were injected into the channel using a computer-controlled syringe pump
(neMESYS, Germany) at a flow rate of 5 pl/min for each fluid. Bubbles were generated in
the center inlet of the device using a connected nitrogen tank with an inline pressure
regulator which was adjusted for optimum bubble generation (1-10 psi). For the collection
of bubble-free mixed fluid, a bubble-filter was designed in front of the second outlet of the
device (see Supplementary figure 1). An inverted optical microscope (TE-2000U, Nikon,
Japan) was used for capturing still images and movies. Fluorescence imaging utilized a
mercury lamp (Intense Light C-HGFI, Nikon, Japan) and blue excitation filter (B-2E/C,
Nikon, Japan). As for the fluorescence emitting fluid, 10 ml PEG-700 (455008, Sigma-
Aldrich, USA) was mixed with 0.01 mg fluorescein powder (F7250, Sigma-Aldrich, USA),
and injected into one of the side inlets. To demonstrate bubble generation and its effect on
fluid mixing, PEG-700 was mixed with food dye at a ratio of 20:1 (v/v), and injected into
the channel with clear PEG-700.

3. Results and Discussion

In our acoustofluidic micromixing device (figure 1(a)), the mixing behavior is based on the
steady acoustic streaming and jetting effects [53] between the series of bubbles within the
microchannel as demonstrated in figure 1(b). These bubbles are generated by nitrogen gas
which is infused from the center inlet of the device. Bubble generation in similar three-inlet
devices have been widely studied and found mostly dependent on the device geometry and
flow rates of the fluids in the side inlets [54,55]. In our experiments, we use highly viscous
PEG-700 solutions as the fluids in the side inlets at 5 pl/min flow rates. By adjusting the
nitrogen pressure in the center inlet from 1 to 10 psi, we obtain nitrogen bubble packages
along the channel with desired frequency and size. For example, figures 2(a)—(d) shows
bubble generation at 4 psi nitrogen pressure and 10 pl/min total flow rate. When the acoustic
field is OFF, PEG-700 and PEG-700 + food dye solutions flow without any significant
mixing after the bubble generation (figure 2(d)), which suggest that the bubble generation
itself does not cause any observable mixing behavior (see Supplementary Movie 1).
Furthermore, when only the acoustic field is applied without any bubbles present in the
microchannel, the mixing is minimal at 100 Vpp (see Supplementary Movie 2). On the other
hand, when the acoustic field is turned ON in the presence of the bubbles, three phenomena
that contribute to high-viscosity fluid mixing occur in the microchannel due to the
acoustically excited bubbles.
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Firstly, once the acoustic field is turned ON, bubbles act as the focusing agents of the
acoustic energy and start oscillating depending on the excitation frequency of the acoustic
field [53,56,57]. These oscillations at the gas-liquid interface cause a harmonic forcing on
the fluid at this interface. The response of the fluid to this force is not harmonic due to the
viscous dissipation of energy in the channel; instead it results in a net fluid flow known as
acoustic streaming [56]. Strong acoustic streaming in the PEG-700 solutions contributes to
the mass transfer and ultimately the fluid mixing (figure 3 and Supplementary Movie 3).
Acoustic streaming due to trapped bubbles was also demonstrated to generate fluid mixing
[49,58], but excitation of the trapped bubbles was kept to a small voltage (<20 Vpp) which is
not enough to generate significant streaming in high-viscosity fluids. The reason for using
small excitation voltages in trapped bubble systems is to prevent bubble growth and unstable
jetting events, which could cause device blocking or bubble escape, and render the device
unusable. We found that high-amplitude bubble oscillations are necessary in our highly
viscous system.

Secondly, at higher oscillation amplitudes, gas-liquid interfaces start pulling and pushing
fluids which contribute to fluid mixing through liquid transfer across the bubble
(Supplementary Movie 4). As seen from figures 3(e)—(g), when the gas-liquid interface
oscillates vigorously, a small amount of liquid forms a ligament which later becomes
disconnected and forms a droplet inside the bubble. These droplets move at high speeds and
join to the liquid at the other end of the bubble pocket. These bubble-mediated “droplet
ejection” events cause fluid mixing due to fluid transfer from one side to the other and
associated fluid flows. This droplet generation and ejection is an interesting finding that can
be further investigated for microfluidic static-flow droplet generation or liquid-liquid phase
separation.

Thirdly, smaller bubbles and bubble clusters erupt from the larger bubble pockets (figures
3(c) and (d)), thus generating steady acoustic streaming and jetting [59,60] across the
channel width which in turn induces fluid mixing (Supplementary Movie 5). A collapsing
bubble generates both jetting and counter rotating vortices that are estimated to rotate at
10,000 rev/s [61]. Bremond et. aA. also reported on bubble-bubble interactions and resulted
jetting flows with the conclusion that bubble cluster cavitations generate jetting flows
directed towards the center of the cluster [62]. In another study, velocity of the jetting flow
due to a collapsing bubble was estimated to be around 25 m/s [63]. We believe that high-
viscosity fluid mixing occurs as a result of the combination of acoustic streaming, droplet
ejection, and bubble cluster eruption.

In order to demonstrate the mixing performance of our acoustofluidic devices, we used
different concentrations of PEG-700 solutions. For each concentration, the PEG and PEG +
fluorescein solutions are injected from the two liquid inlets of the PDMS device. In figure
4(a), PEG-700 (95.9 mPa s) with and without fluorescein dye are injected into the upper
(white) and lower (black) inlets, respectively. In the absence of the acoustic field, there is no
significant fluid mixing between the two flows. When the transducer is turned ON, the two
fluids are mixed within 50 milliseconds (figure 4(b)). Grayscale profiles along the dotted
line in figures 4(a) and (b) show homogenous mixing along the channel width (figure 4(c)).
We also examined the mixing profiles of the two fluids at different channel heights (see
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Supplementary figure 2). At the bottom, middle, and top of the channel, mixing profiles
shows very similar intensity plots suggesting uniform mixing along the height of the
channel. We also quantitatively evaluate the mixing performance for each PEG-700
concentration using the following equation [6]:

_ 2
Mo 1/1121(1i 1) O

m

where M is the mixing index, n is the total number of points, I; is the intensity of each point,
and Iy, is the average intensity. For unmixed flows M becomes 0, and for completely mixed
fluids M becomes 1. A mixing index value of 0.9 or higher indicates homogenous mixing
[6,64]. We characterized the mixing index of seven different solutions with viscosity values
varying from 0.899 mPa s for DI water to 95.9 mPa s for PEG-700 (figure 5). Even for the
highest-viscosity PEG-700 solution, we observe a mixing index around 0.93 which suggest
efficient and rapid mixing of two highly viscous fluids. Mixing index values for the mixed
fluids at different heights of the channel are also found to be similar to each other. The Re of
our high-viscosity fluid system is calculated to be ~0.01 which is significantly lower than
prior high-viscosity micromixers [6,45].

4. Conclusions

In summary, we present an acoustofluidic mixer that can mix two highly viscous fluids (95.9
mPa s), which are ~106 times more viscous than DI water (0.899 mPa s), within 50
milliseconds. For this task, we used a three-inlet PDMS microchannel where high-viscosity
fluids are injected from the side inlets and nitrogen bubbles are introduced in the center inlet.
In the presence of an acoustic field, seven different solutions with viscosities ranging from
0.899 mPa s to 95.9 mPa s were mixed and the resulted mixed fluids were quantitatively
analyzed using the mixing index value (M). When two 100% PEG-700 (95.9 mPa.s)
solutions are mixed, the mixing efficiency is calculated to be ~0.93. Overall, we demonstrate
high-viscosity fluid mixing in a low Reynolds number system (~0.01) within 50
milliseconds. Our acoustofluidic mixing device has many desirable properties such as simple
fabrication, low cost, on-demand and easy operation. These properties make our
acoustofluidic device ideal for integration into other lab-on-a-chip systems. In future studies,
we will evaluate the effects of our acoustofluidic mixer on cell viability and cell membrane
structure. The strong streaming and jetting flows that are confined in our acoustofluidic
device could be useful to achieve intracellular delivery of nanoparticles and plasmid DNA in
a straightforward manner. The presented acoustofluidic micromixer can potentially be used
in various on-chip applications including sample preparation, diagnosis, biochemical
reactions, and chemical synthesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) A schematic shows the acoustofluidic mixing device (not to scale). A PDMS-based

microfluidic channel and a piezoelectric transducer are assembled on a glass slide. High-
viscosity fluids and nitrogen bubbles are injected from the side and center inlets,
respectively. (b) Working principle of the acoustofluidic mixing device is depicted as a
cartoon illustration.
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Figure 2.

Image sequence showing bubble generation in the PDMS microfluidic channel. PEG-700
solution with and without food dye was injected from the top and bottom inlets at 5 pl/min,
and nitrogen bubbles were injected from the center inlet at ~4 psi. The acoustic field is off.
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Figure 3.
(a)—(d) Bubble streaming flows were visualized between two bubble pockets using

fluorescein dyed (PEG 1) and clear (PEG 2) PEG-700 solutions at 80 Vpp. As a result of
partial bubble disintegration, smaller bubbles and bubble clusters are formed between two
bubble pockets and contribute to the mixing. (e)—(g) Liquid ligament formation and droplet
ejection occurs due to strong air-liquid interface oscillations.
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Figure 4.
(a) PEG-700 with and without fluorescein dye, and bubbles are smoothly flowing along the

microchannel in the absence of an acoustic field, displaying no significant mixing due to
bubble generation. (b) When the piezoelectric transducer is turned ON (~100 Vpp), 100 %
PEG-700 with and without fluorescein dye are mixed in 50 milliseconds. (c) Grayscale
intensity plot (normalized to 1) along the dotted lines in (a) and (b) shows homogenous
mixing after the acoustic transducer is turned ON.
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Calculated mixing index values for DI water and PEG-700 solutions with a range of
viscosities. Mixing index value for 100 % PEG-700 solution is found to be above 0.9. The
error bars represent the standard deviation of the repeated experiments (n=5).
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