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In this article, we demonstrate an acoustofluidic device for cell lysis using the acoustic streaming effects induced by
acoustically oscillating sharp-edged structures. The acoustic streaming locally generates high shear forces that can

mechanically rupture cell membranes. With the acoustic-streaming-derived shear forces, our acoustofluidic device can

perform cell lysis in a continuous, reagent-free manner, with a lysis efficiency of more than 90% over a range of sample flow

rates. We demonstrate that our acoustofluidic lysis device works well on both adherent and non-adherent cells. We also

validate it using clinically relevant samples such as red blood cells infected with malarial parasites. Additionally, the unique

capability of our acoustofluidic device was demonstrated by performing downstream protein analysis and gene profiling

without additional washing steps post-lysis. Our device is simple to fabricate and operate while consuming a relatively low

volume of samples. These advantages and other features including the reagent-free nature and controllable lysis efficiency

make our platform valuable for many biological and biomedical applications, particularly for the development of point-of-

care platforms.

Introduction

Since many disease biomarkers cannot be detected outside of
an individual cell’s membrane, cell lysis — the process of
rupturing a cell’s membrane to release its contents — becomes
a critical step in many diagnostic and therapeutic efforts. Lysing
a sample provides access to protected factors such oncogenes
and their expression products,! multiple apoptosis regulators,?
and immune related regulators.3 From a broader perspective,
an efficient cell lysis process, paired with downstream analysis,
can help to combat the heterogeneity, and rapidly changing
nature of biological systems and provide more accurate results.
In this regard, a streamlined lysis procedure which can be used
at the point-of-care (POC) could significantly improve clinical
outcomes by allowing therapeutic intervention in a timely
fashion. Therefore, developing cell lysis techniques that are
easy to implement, require only small amounts of samples, and
provide outputs that are conveniently analyzed downstream
will greatly improve patient care by progressing the
development of POC-based diagnostics and therapeutics.*”
Conventional cell lysis is carried out using either chemical or
physical rupture methods. Chemical-based lysis, which utilizes
surfactants to solubilize lipid membranes, can efficiently
rupture cell membranes to release intracellular contents;
however, those surfactants can cause protein denaturation and
inhibit downstream analysis.” 8 To eliminate the adverse effects
of the surfactants, additional washing and protein refolding
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steps are required, which can complicate the entire lysis
process. Unlike chemical lysis, physical-based lysis methods
often mechanically rupture cell membranes by exploiting
heating effects and/or shear forces induced by sonication or
other mechanical mechanisms. However, both of these
conventional approaches are performed in a batch-wise
fashion, which require multiple steps which are handled by
trained personnel, thereby limiting their application at the
POC.% 10 A further concern is that with the increased sample
consumption required by traditional methods, the
heterogeneity of individual lesions and tumors cannot be
differentiated within the bulk sample; that is, conventional cell
lysis methods which consume large sample volumes lack the
spatial and temporal resolution needed to detect
heterogeneity.11. 12 This can lead to failure when attempting to
identify disease-related mutations and biomarkers, which is
especially important for cancer diagnosis and treatment where
resistant mutations can induce non-ideal clinical outcomes.13.14

With its streamlined operation, and ease of integration with
downstream analysis methods, microfluidic-based lysis
methods have shown strong potential as components in POC
platforms. Many microfluidic-based lysis approaches have been
developed based on various mechanisms including chemical, 15
17 mechanical,18 12 thermal,20-22 optical,23- 24 electrical,10- 25, 26
and acoustic based lysis.2722 Among these methods, acoustic-
based cell lysis methods offer certain advantages such as
removing the need for mechanical or chemical pretreatment
while maintaining cell-component integrity and the ability to be
integrated into POC platforms.27-22 However, existing acoustic-
based lysis approaches still require the fabrication of complex
electrodes, which can generate excessive heat during the lysis
process; previous acoustic methods are also operated in a
batch-wise manner, limiting throughput. Overcoming these
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negative factors would yield an acoustic-based lysis method
that could function in a continuous, reagent-free manner with
minimal sample heating.

Here, we demonstrate an acoustofluidic (i.e., the fusion of
acoustics and microfluidics)3°-32 device that is capable of lysing
cells in a continuous, reagent-free manner. Acoustofluidic
technology introduces acoustic radiation force and acoustic
derived streaming in microfluidic systems.33-3¢ Combined by
acoustics and microfluidics, the systems have comprehensive
functions and achieve multiple biological applications including
cell and particle analysis,37-39 manipulation,4%-42 sorting,*3 44 and
separation.#>47 In our acoustofluidic lysis device, cells are
primarily lysed in a mechanical manner by the shear forces that
arise from fluid motion induced by acoustically oscillating sharp-
edged structures;*851 this fluid motion is termed acoustic
streaming.52 By controlling the strength of the generated
acoustic streaming, we can locally create shear forces that are
controllable in  magnitude and distribution. We first
demonstrate the capability of our acoustofluidic lysis device by
performing cell lysis on adherent cells (HelLa) and non-adherent
cells (Jurkat). Increasing the strength of the acoustic streaming
by raising the driving voltage of the acoustic transducer, we
demonstrate significantly improved lysis efficiencies for both
types of the cells. Our acoustofluidic device can achieve a lysis
efficiency of more than 90% within a given range of sample flow
rates. Furthermore, we demonstrate the capability of our
acoustofluidic device to process clinically relevant and disease-
related samples by conducting lysis on red blood cells infected
with malaria parasites. With our reagent-free strategy, our
device is able to yield high-quality lysis products that can be
utilized directly for downstream analysis, without additional
post-lysis washing steps.

Our acoustofluidic lysis device circumvents the need for
complex transducer design, simplifying the fabrication and
operation procedures of the device and alleviating the heat-
generation problem. Relative to other existing microfluidic-
based lysis devices, our device is simple in its design and
operation, which allows for integration with other microfluidic
components. It can also process small amounts of samples,
which is well-suited for handling volume-limited samples and
working at the POC. All of these features, when combined, make
our acoustofluidic lysis device an important component for
sample preparation towards the development of POC
platforms.

Experimental section
Fabrication of sharp-edge-based acoustofluidic lysis device

The sharp-edge-based acoustofluidic lysis device is simply
polydimethylsiloxane (PDMS)
channel constructed with 180 pairs of sharp-edged structures,
an acoustic transducer, and a thin glass substrate. The PDMS
channel was prepared using standard lithography, deep ion
etching (DRIE), and PDMS replica molding. In short, a single-side
polished silicon wafer was first lithographically patterned and

composed of a singly-layer

chemically etched, creating a silicon master mold with patterns
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of microfluidic channels of 100 um high for PDMS replica
molding. Prior to PDMS casting, the silicon mold was exposed to
silane vapor for 20 minutes using 1H,1H,2H,2H-perfluorooctyl-
trichlorosilane (Sigma-Aldrich, MO, USA). Once coated with
silane, the mold was caste with a 10:1 mixture of PDMS-Sylgard
184 silicone elastomer base and Sylgard 184 curing agent (Dow
Corning, MI, USA) and placed under vacuum for 15 minutes to
eliminate air bubbles, followed by baking at 65 °C for 1 hour to
completely solidify the PDMS channels. The solidified PDMS
channel was carefully peeled off from the mold and then
punched with inlets and outlets. Then, the PDMS channel and
one glass substrate (Cat. no. 48404-455, VWR, PA, USA) were
treated with oxygen plasma (BD-10AS, Electro-Technic
Products, IL, USA) and bonded together, followed by incubation
at 65°C for 24 hours to stabilize the bonding. After a 24-hour
incubation, an acoustic transducer (7BB-27-4L0, Murata
Electronics, Japan) was bonded onto the stack consisting of the
PDMS channel and the glass substrate using an epoxy (84101,
Permatex, CT, USA).

Cell culture

Hela cells (ATCC, VA, USA) and Jurkat cells (ATCC, VA, USA),
which represent, respectively, adherent cells and non-adherent
cells, were the two main cell lines chosen to validate the lysis
performance of our acoustofluidic device. HelLa and Jurkat cells
were grown in DMEM (Gibco, Life Technologies, MA, USA) and
RPMI 1640 (Gibco, Life Technologies, MA, USA) culture media,
respectively; 10% Fetal Bovine Serum (Gibco, Life Technologies,
MA, USA) and Penicillin Streptomycin (Gibco, Life Technologies,
MA, USA) were added to both cultures. Cells were cultured in
an incubator (Nu-4750, NuAire, MN, USA) at 37 °C with a CO,
level of 5%. Hela cells were harvested when growing to 90%
confluency, while Jurkat cells were harvested when reaching a
density of 8x105 cells/mL.

Cell lysis and staining

Hela cells were harvested using trypsin—EDTA (Gibco, Life
Technologies, NY, USA) and re-suspended in DMEM. Jurkat cells
were directly centrifuged and re-suspended in RPMI 1640. For
staining cytoplasm, Calcein-AM (Invitrogen, Life Technologies,
MA, USA) was added to a final concentration of 5 ug/mL. After
a 15-minute staining with Calcein-AM, cells were centrifuged
and culture medium containing Calcein-AM was discarded. Cells
were washed and re-suspended in phosphate buffered saline
(Gibco, Life Technologies, MA, USA) at a final concentration
ranging from 1 x 105 to 1 x 106 cells/mL. Before sample
injection, the channel of the device was incubated with 5%
Pluronic F127 (Sigma-Aldrich, MO, USA) for 5 minutes and
washed by phosphate buffered saline (PBS) (Gibco, Life
Technologies, MA, USA). This was done to prevent lysate
attachment to the channel walls. Re-suspended cells were then
injected into the acoustofluidic device using 1 mL syringes (BD
Bioscience, NJ, USA); the injection was controlled by an
automated syringe pump (neMESYS, Germany). The acoustic
transducer of the acoustofluidic device was driven by a function
generator (AFG3011C, Tektronix, OR, USA) and an amplifier

This journal is © The Royal Society of Chemistry 20xx
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(25A250A, Amplifier Research, PA, USA) at a working frequency
of 5 kHz. Collected samples were stained with 1 uM SYTOX
Orange (Invitrogen, Life Technologies, MA, USA) to identify cells
that were damaged in their plasma membranes but maintained
their cellular structures. The surface temperature of the
transducer and the device’s temperature were monitored using
a digital thermometer (HH804, Omega, CT, USA) and Thermal
Camera (TG165, FLIR, MA, USA).

Characterization of lysis efficiency

Because the concentrations of cells varied among different
experiments, an individual control group was established for
each experiment to characterize the lysis efficiency. To avoid
cross-contamination between the control and experimental
groups, in each experiment we first collected the control groups
(i.e., when the acoustic transducer was not activated) prior to
lysis experiments. After collecting the control groups, the
channel was rinsed with PBS and the experimental groups were
then collected when the device was activated. In each
experiment, the control and experimental groups used the
same batch of cell samples with similar cell densities; as a result,
the lysis efficiency for an individual experiment was calculated
using the number of cells observed in the control or experiment
groups that were derived from the same batch of cell samples.

Downstream analysis for cell lysis product

Lysed samples were collected at a flow rate of 5 uL/min while
the acoustofluidic device was driven with a voltage of 50 Vpp and
a frequency of 5 kHz. Upon collection, the lysed samples were
centrifuged at 800 rpm for 10 minutes to remove any un-lysed
cells remaining in the samples, which was a critical step to
completely eliminate the detection of target proteins and
nuclear acids that were from un-lysed cells. After un-lysed cells
were removed, the supernatant was collected for western-blot
analysis. 5 plL of the supernatant was mixed with 10 uL Tricine
Sample Buffer (Bio-Rad Laboratories, CA, USA) and heated to 95
°C for 5 minutes. The mixture was then processed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (Bio-Rad
Laboratories, CA, USA) and transferred to a PVDF membrane
(Bio-Rad Laboratories, CA, USA) through Trans-Blot Turbo
Transfer System (Bio-Rad Laboratories, CA, USA). PVDF
membranes were incubated with mouse anti-human beta-actin
(Abcam, MA, USA) at 4 °C for 12 hours, followed by incubation
with Goat anti-mouse HRP antibody (Abcam, MA, USA). Bands
of target protein were imaged with the ChemiDoc Imaging
System (Bio-Rad Laboratories, CA, USA). Polymerase chain
reaction (PCR) reactions were processed using AmpliTaq Gold
360 Master Mix (Applied Biosystems, Life Technologies, NY,
USA) with 26 PCR reaction circles. Primers are listed in Table 1.
The amplicons were stained by SYBR green (Invitrogen, Life
Technologies, MA, USA) and images were captured by
ChemiDoc Imaging System (Bio-Rad Laboratories, CA, USA).

Lysis of malaria-infected RBCs and its downstream analysis

RBCs infected with malaria parasites were provided by the
malaria lab at Duke University. Generally, infected RBCs were

This journal is © The Royal Society of Chemistry 20xx
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Table 1. PCR primers for Human cells’ and malarial genome validation

PCR primer for Forward ACCTGGGTCTTCAGTGAACC

Hela and Jurkat | Reverse CAGTCAGATCCTAGCGTCGAG

PCR primer for Forward | TTAAACTGGTTTGGGAAAACCAAATATATT
malaria Reverse | ACACAATGAACTCAATCATGACTACCCGTC

cultured in RPMI1640 culture medium at a concentration of 1 x
106 cells/mL, and 5% of RBCs were infected with 3D7 parasites.
The infected RBCs were injected into the acoustofluidic device
at a flow rate of 5 uL/min. The control group was first collected
before the acoustofluidic device was activated; after the control
group was collected, the experimental group was collected by
activating the transducer with a driving voltage of 50 Vpp and a
frequency of 5 kHz (sinusoidal wave). A cell slide of collected
samples was prepared following the instruction of
Doublesytoslide system (Thermofisher, USA), and slide staining
was performed by following the instructions of the Diff-Quik
staining kit (Thermofisher, USA). For PCR analysis, the collected
samples were centrifuged at 3000 g for 5 minutes and the
supernatants were collected as templets. To perform PCR
analysis on the lysis product using infected RBCs, we used PCR
conditions and primers that were previously reported,3 as
listed in Table 1.

Results and discussion
Device design and working mechanism

Fig. 1 shows the design and concept of our acoustofluidic device
for cell lysis. Briefly, the device consists of a PDMS microchannel
and an acoustic transducer, and they are bonded onto a thin
glass substrate. The PDMS channel contains 360 sharp-edge
structures (0.5 mm long and 1.0 mm apart) on both of its
sidewalls (Fig. 1a), and features one inlet and one outlet for
introducing cell samples and collecting lysis products,
respectively (Fig. 1b). When activated at an optimal driving
frequency, the acoustic transducer oscillates and causes the
glass substrate to vibrate, which in turn oscillates the sharp-
edge structures. The oscillating sharp-edge structures can
induce acoustic streaming effects in the fluid surrounding their
tips.48 54
locally generate high shear forces that can mechanically lyse
cells (Fig. la: lower-left). Because a large number of sharp-
edged structures (180 pairs) are constructed and arranged
evenly in the channel, intact cells loaded into the device will
repeatedly be subjected to the acoustic-streaming-derived
shear forces as they flow through the channel, thereby
increasing the likelihood that the cells can be lysed and
potentially improving the lysis efficiency. Thanks to this feature,
our acoustofluidic device can perform cell lysis in a continuous

Once developed, the acoustic streaming effects can

manner, as opposed to a drop-wise (or batch-wise) manner
reported elsewhere.3*

Our acoustofluidic device ruptures cells based primarily on
the synergetic effects of two phenomena derived in the
channel: the high shear force generated by the acoustic
streaming, and the trapping effect induced by the acoustic
radiation force and the drag force arising from the acoustic

J. Name., 2013, 00, 1-3 | 3
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TCells Flow direction Debris

0.5mm

Fig 1. Design and concept of the sharp-edge-based acoustofluidic device for cell
lysis. (a) Schematic elucidating the mechanism of our acoustofluidic lysis device.
A number of sharp-edged structure are constructed on the sidewalls of the
channel; when acoustically oscillated, they generate acoustic streaming effects
(around the tip of each sharp-edged structure) that can catalyze the cell lysis
process. (b) Photograph of the acoustofluidic lysis device. The device is composed
of a serpentine channel with a large number of sharp-edged structures, an
acoustic transducer, and a thin glass substrate. (c) Comparison of the cell density
between upstream and downstream the channel. The cell density downstream
the channel is visibly lower than that upstream the channel, which suggests that
cells are being lysed as they flow through the channel. Microscopic images
showing the lysis behavior observed. Device image (d) upstream and (e)
downstream the channel. A number of floating cells are present as big particles
upstream of the channel and are concentrated around the tip of each sharp-
edged structure, while only negligible number of floating cells are present
downstream the channel with significant amount of cellular debris observed. The
difference in the number of floating cells indicates that the lysis process is taking
place as the cells flow through the channel. Scale bars: 250 pm.

streaming.50.54-56 The former is the main force to mechanically
tear cells apart, while the latter will attract floating cells and
force them to circulate along the streamline of the acoustic
streaming. Moreover, the streamlines of the acoustic streaming
effects generated by neighboring sharp-edged structures will
partially merge and form a circulating streamline (Fig. 1a: lower-
left); such a streamline will also allow cells to repeatedly
experience the shear force, thereby increasing the chances of
completely rupturing cells. Fig. 1c shows the Calcein-AM stained
cells (fluorescent dots) flowing in the channel near the inlet
(upstream) and outlet (downstream) in the channel in the
presence of the acoustic streaming. The upstream channel
contains a higher number of cells, while the downstream
channel contains a much lower number of cells; this observation
suggests that many cells are either being trapped by the
acoustic microstreaming vortices around sharp-edge tips, or
being lysed by shear stress generated by microstreaming as
they flow through the channel. In the upstream channel,
floating cells are concentrated around the tips of the sharp-
edged structures (as indicated by the red-dashed circle)
because of the acoustic streaming, and are being repeatedly
ruptured via the high shear forces when circulating within the
acoustic streaming (Fig. 1d). In the downstream channel, as

4| J. Name., 2012, 00, 1-3

shown in Fig. 1e, intact, floating cells are barely seen. Instead, a
lot of lysis debris, which is smaller than the cells, is observed and
not concentrated around the sharp-edged structures; this
observation suggests that most cells are completely lysed after
they have travelled through the beginning of the channel and
arrived downstream. It is also worth mentioning that small sized
cellular debris may avoid capture by the acoustic
microstreaming vortices because they are subjected to smaller
vortex derived drag forces and acoustic radiation forces than
the larger intact cells. This phenomenon ensures that the lysis
products can flow through the entire channel to be collected for
subsequent analysis. We observe that the vast majority of cells
are already lysed at the midpoint of the entire channel length
(Fig. S1a). Acoustic microstreaming vortices trap large particles
and whole cells (Fig. S1b), which allows the cells to remain in
the high shear zone around the sharp-edge tip until they are
lysed, after which their debris flows downstream (Fig. Slc,
Video S1). This observation implies that the number of sharp-
edged structures we have designed is more than sufficient for
efficiently lysing cells in the current experimental setup.
Additionally, increasing the number of sharp-edged structures
may potentially improve the lysis efficiency and throughput of
our acoustofluidic device.

In-channel acoustic streaming pattern and shear stress
distribution

Shear stress C
(kPa) 0.3

a Streaming velocity b
0 (m/s) 025 0

Microscopy

ov

v

Fig 2. Acoustic streaming patterns and derived distribution of shear stress inside
the channel of our acoustofluidic device. (a) Numerically simulated acoustic
streaming patterns; maximum streaming velocities for 10, 30, and 50 V driving
voltages of the acoustic transducer are 0.08, 0.36, and 0.58 m/s, respectively. (b)
Simulated distribution of shear stress under varying driving voltages of the
acoustic transducer; maximum shear stress for 10, 30, and 50 V excitation
conditions are 0.575, 2.78, and 4.42 kPa, respectively. As the driving voltage is
increased, the velocity (i.e., the strength) of the generated acoustic streaming
increases, and high-shear zones are locally generated because of the increased
streaming velocity. Similarly, with the increased streaming velocity, the resulting
shear force increases in its magnitude and widens in its distribution. The
simulation results reveal that by controlling the driving voltage of the transducer,
the magnitude and distribution of the resulting shear forces can be adjusted. (c)
Fluorescent images showing the trajectories of cells in the presence of acoustic
streaming under varying driving voltages, which qualitatively match with the
simulated streaming patterns. Scale bars: 250 um.

This journal is © The Royal Society of Chemistry 20xx
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Our acoustofluidic device can perform mechanical lysis on cells
by utilizing the shear forces derived from the acoustic
streaming. To verify if the acoustic streaming induced by the
oscillating sharp-edged structure does locally create high-shear
zones, we first numerically investigated the generation of
acoustic streaming and the resulting shear stress found in our
acoustofluidic device. The simulation was performed based on
the perturbation approach we adopted previously.4%5457 Fig. 2a
and 2b show, respectively, the simulated acoustic streaming
patterns and the simulated distribution of shear forces. The
value of the shear stress was calculated using Eqn. 1:

ol = J(n 2 + (22’ )

in which p is the dynamic viscosity of fluid, and u, v are the x
and y components of fluid velocity, respectively. The simulated
acoustic streaming patterns are qualitatively in accordance with
the experimentally observed acoustic streaming patterns (Fig.
2c). When the acoustic transducer is inactive (0 Vpp), N0 acoustic
streaming effects are observed and therefore, no high-shear
zones are formed. Once the transducer is activated at 10 Vpp,
the acoustic streaming effect is generated, and as a result high-
shear zones (though not strong in magnitude) are locally
created around the tip of each sharp-edge structure. As the
driving voltage of the transducer is further increased, the
streaming velocity is significantly increased. Accordingly, with
the increased streaming velocity, the high-shear zones become
wider and the shear stress level is significantly increased (Fig.
2b). To validate the simulated streaming field with experimental
results, digital particle image velocimetry (PIV) was recruited to
analyze the streaming field by tracing 5 um polystyrene beads
(Fig. S2a and b).58 Streaming patterns and maximum streaming

a Bright field Calcein-AM SYTOX-orange

Sharp edge channel

No-Sharp edge channel

L:ab on:a Chip

velocities between simulation results and PIV based
experimental results are very similar, indicating that the
simulation is accurate. Shear stress simulations at varying
sharp-edge vibration amplitudes show a positive correlation to
voltage increases (Fig. S2c) and shear stress also has a positive
correlation with microstreaming velocity (Fig. S2d).

These results demonstrate not only that the presence of
acoustic streaming locally creates high-shear zones in the
channel, but also that the shear stress level is directly
proportional to the streaming velocity. Moreover, the results
also reveal that by controlling the driving voltage of the
transducer, we can control the streaming velocity and therefore
the shear stress level. In addition to the shear stress level, the
trapping effect can also be enhanced by increasing the driving
voltage, as shown in Fig. 1c; the enhanced trapping effect would
ensure that more cells can follow the streamline of the
generated acoustic streaming and the lysis efficiency can
therefore be improved. Dynamic processes showing the
acoustic streaming patterns and the trapping effect on cells can
be seen in Videos S2 and S3.

Validation of acoustofluidic-based cell lysis

Our acoustofluidic device mechanically lyses cells via the shear
forces from the streaming induced by the acoustically oscillated
sharp-edge structures. Upon numerically investigating the
generation of shear stress in our device, we then experimentally
validated whether the sharp-edged-based acoustic streaming
does play a crucial role in our acoustofluidic lysis device. As a
control experiment, we first perform cell lysis using
acoustofluidic devices without any sharp-edge structure;
besides the lack of sharp-edges, these devices were otherwise
identical to the sharp-edge acoustofluidic lysis devices in terms
Calcein-AM

b Bright field SYTOX-orange

Fig 3. Validation of the acoustic steaming effect on the lysis performance using (a) Hela cells and (b) Jurkat cells. When using the control device, where no sharp-edged
structure is constructed in the channel, most of the cells are intact and cellular debris is barely observed, regardless of the activation of the control device and the cell
types. By contrast, when using the sharp-edged acoustofluidic device, where a number of sharp-edged structures are present in the channel, only negligible amount of
cells are intact and cellular debris are clearly seen when the acoustofluidic device is activated, thus proving that the utilization of the sharp-edged structures and
resulting acoustic streaming is essential for acoustofluidic cell lysis. Scale bars: 100 um.

This journal is © The Royal Society of Chemistry 20xx
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of the device fabrication procedure and device dimensions. Fig.
3a and 3b show the representative lysis results obtained using
the control devices and the sharp-edged acoustofluidic devices,
respectively, for Hela cells and Jurkat cells. Using the control
devices, the vast majority of Hela cells and Jurkat cells seem to
remain intact and cell debris is barely observed, regardless of
the activation of the transducer; this observation suggests that
the control devices may be incapable of performing cell lysis
because of the absence of acoustic streaming. With the sharp-
edged acoustofluidic device, by contrast, intact Hela cells and
Jurkat cells are barely present with a considerable amount of
cell debris observed in the channel when the transducer is
activated; the relatively strong background of green
fluorescence (Calcein-AM) present in the sharp-edged
acoustofluidic device suggests that the fluorescent molecules
that were originally stained into the cytoplasm of the cells have

Bright field Calcein-AM

0V-

SYTOX-orange

30V

50V

C B Live
100 B Dead
80 4
g
~ 60 -
B0
]
[ =
8
5 40 A
(-9

204

0 -

ov 10V 20V 30V 40V 50V
Power

been released to the surrounding medium. These results
demonstrate that by constructing the acoustofluidic device with
sharp-edge structures, we can effectively lyse cells and thereby
release molecules of interest from the cells. Most importantly,
by comparing these results with those obtained using the
control device, we believe that the sharp-edge structures and
resulting acoustic streaming play a critical role in achieving cell
lysis.

In acoustic-based cell lysis, heat generation arising from the
application of acoustic energy, which can potentially become
the primary force to lyse cells, are usually taken into
consideration.”. 5960 The generated heat energy (regardless of
lysis method) may degrade enzymes released from lysed cells.%
62 |n this work, to rule out heat as the main factor for cell lysis,
we experimentally monitored the temperature distribution of
our acoustofluidic device over a time interval of 20 minutes,

Bright field Calcein-AM SYTOX-orange

Percentage (%)

ov v 20V 30V

Power

40V

50V

Fig 4. Dependence of the lysis efficiency on the driving voltage of the acoustic transducer. Fluorescent images of the representative lysis results for (a) HelLa cells and
(b) Jurkat cells under the driving voltages of 0, 10, 30, and 50 Vpp. The number of visually-observed cells reduces as the driving voltage is increased, which suggests
improved lysis efficiency with the increment in the driving voltage. Also, the enhanced strong background of green fluorescence is observed as the driving voltage is
increased, which implies that more cells are lysed into debris and more Calcein-AM molecules have been released to the surrounding medium upon the lysis. The
percentage of remaining cells after lysis under different driving voltages for (c) Hela cells and (d) Jurkat cells. Statistically, the percentage lowers as the driving voltage
is increased, indicating that the lysis efficiency is improved by raising the driving voltage. The results presented in this figure are obtained at the same flow rate of 5
puL/min, and the number of remaining cells under the driving voltage of O Vpp is regarded as 100 % of remaining cells. Scale bars: 100 um. Error bars represents the

standard deviation from three independent experiments (n=3).
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which corresponds to the actual duration of each lysis
experiment The temperature-monitoring
experiment was carried out by activating the transducer
mounted on our acoustofluidic device at a driving frequency of
5 kHz and a driving voltage of 50 Vpp, which is the highest power
used in this work. After our acoustofluidic device was
continuously activated for 20 minutes, the highest surface
temperature of the transducer as measured by a digital
thermometer was 29.7 °C, and the temperature observed to
come from the PDMS chip by thermal camera was only
increased from 21.9 °C to 29 °C during operation (Fig. S3a and
S3b). Since the transducer is the only heat source in the system,
the temperature of the sample within the device cannot be
higher than the transducer surface. Furthermore, the increased
temperature is even lower than that of human body (Fig. S3c),
and this level of heat generation is very unlikely to cause cell
lysis according to previous studies.®® These results reveal that
insignificant heat is generated using our acoustofluidic

conducted.

Bright field Calcein-AM SYTOX-orange
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approach, and it rules out the thermal effect as the factor for
cell lysis in our device.

Dependence of lysis efficiency on the driving voltage

The shear stress level can significantly influence the lysis
efficiency of our acoustofluidic device and can be controlled by
adjusting the driving voltage of the transducer. To evaluate the
dependence of the lysis efficiency on the driving voltage, we
conduct cell lysis at six different driving voltages including 0, 10,
20, 30, 40, and 50 Vpp. Fig. 4a and 4b show the lysis results,
respectively, for Hela cells and Jurkat cells, using our
acoustofluidic device under four representative driving voltages
(0, 10, 30, and 50 Vpp). When the device is inactive (0 Vpp), most
of the cells are intact and no cell debris is observed, because no
shear forces (i.e., no acoustic streaming) are generated. Even
when the device is activated at 10 Vpp, no visible cell lysis
phenomenon is observed because the generated shear stress
and trapping effect may not be strong enough to initiate cell
lysis. Further increasing the driving voltage to 30 Vpp can

Bright field SYTOX-orange
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Fig 5. Dependence of the lysis efficiency on the sample flow rate. Fluorescent images showing the representative lysis results for (a) HelLa cells and (b) Jurkat cells at
four different flow rates. Overall, as the flow rate is increased, the number of visually observed cells increases for both types of cells, suggesting that the lysis efficiency
is degraded with the increase in the flow rate. The percentage of remaining cells after the lysis at different flow rates for (c) HelLa cells and (d) Jurkat cells. As the flow
rate is raised, the percentage arises, which, once again, statistically indicates compromised efficiencies due to raised flow rates. Control groups presented in (c) and
(d) display the results obtained at the flow rate of 15 uL/min with the acoustic transducer inactivated, and the number of remaining cells under these conditions is
regarded as 100 % of remaining cells. Scale bars: 100 um. Error bars represents the standard deviation from three independent experiments (n=3).
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significantly reduce the number of cells remaining in the
channel, which suggests that the cells are being lysed due to the
presence of shear forces. Once activated at 50 Vpp, the
acoustofluidic device can efficiently lyse the cells and intact cells
are barely observed, indicating that driven at this acoustic
power, our device can produce strong shear forces to rupture
most of the cells.

Other than the observed number of cells, the effect of the
driving voltage on the lysis efficiency can also be visually
compared through the background of green fluorescence
(Calcein-AM). As the driving voltage is increased, the intensity
of the background noticeably increases, which suggests that the
lysis efficiency is improved as we increase the driving voltage.
We also note that the number of cells stained with SYTOX-
orange (red fluorescence) changes insignificantly when our
device is driven at higher voltages, presumably because the
nuclei of lysed cells are also damaged. A complete set of images
showing the visually observed lysis results under all the tested
driving voltages can be found in Fig. S4.

To quantitatively and statistically characterize the lysis
efficiency, we further calculate the percentage of un-lysed cells
under different driving voltages from repeated experiments (n
= 3). The percentage is calculated by dividing the number of
un-lysed cells observed at each driving voltage by the number
of un-lysed cells observed when the device is switched off (i.e.,
0 Vpp); a lower percentage represents a better lysis efficiency.
As shown in Fig. 4c and 4d, the quantified lysis result reveals
that the percentage of un-lysed cells is inversely proportional to
the driving voltage applied. Additionally, the statistical analysis
demonstrates that our acoustofluidic device can perform cell
lysis in a reproducible manner, provided that the
concentration/density of injected cell samples remains constant
among different experiments. These results demonstrate that
by increasing the driving voltage applied to our device, the lysis
efficiency can be significantly improved; in other words, the lysis
efficiency can be tuned by controlling the driving voltage. With
such control over the lysis efficiency by simply adjusting the
driving voltage, our acoustofluidic device may be well-suited for
a wide range of applications where complete or partial cell lysis
is needed.’ 6465

Dependence of lysis efficiency on the sample flow rate

The acoustic streaming generated by the oscillating sharp-
edged structure is the key tool in our acoustofluidic-based cell
lysis. However, based on our previously reported work,48: 49,54, €6,
67 the generation of acoustic streaming can also be greatly
influenced by the fluid velocity of the background flow in
addition to the driving voltage of the transducer. In this work,
since the device features only one inlet and one outlet, the fluid
velocity of the injected cell sample is thus considered as the
fluid velocity of the background flow. To investigate how the
sample flow rate affects the lysis efficiency of our device, we
conduct experiments on cell lysis at four different flow rates
including 5, 7.5, 10, and 15 pL/min, under the same driving
voltage (50 Vpp). Fig. 5a and 5b show the lysis results obtained
at these four different flow rates, respectively, for Hela cells

8 | J. Name., 2012, 00, 1-3

and Jurkat cells. When working with relatively low flow rates
(i.e., 5 and 7.5 uL/min), our acoustofluidic device is able to
efficiently lyse the cells with only negligible amounts of un-lysed
cells observed. Once we raise the flow rate to 10 and 15 puL/min,
the numbers of un-lysed cells significantly increases, compared
to the numbers observed at lower flow rates. In addition, the
reduced background of green fluorescence due to the raised
flow rate also indicates that the lysis efficiency is compromised
as the flow rate is increased.

Likewise, we also quantitatively and statistically compared
the percentage of un-lysed cells at the four flow rates, as shown
in Fig. 5¢ and 5d. Overall, the percentage of un-lysed cells is
directly proportional to the flow rate for both Hela cells and
Jurkat cells. When the flow rate is less than 7.5 uL/min, the
percentage can be reduced to less than 10% and 3%,
respectively, for HeLa cells and Jurkat cells. Once the flow rate
is greater than 7.5 uL/min, there is a significant increase in the
percentage (corresponding to a reduction in lysis efficiency) for
both Hela cells and Jurkat cells; nevertheless, the percentage of
un-lysed cells at the highest flow rate tested (i.e., 15 uL/min) is
below 50%, which might be still sufficient for downstream
analysis of intracellular components.2?8 62 The lysis efficiency at
higher flow rates can be further improved by optimizing the
design parameters and operating conditions of our
acoustofluidic devices.

It is important to note that the degraded lysis efficiency with
the increased flow rate is due in large part to the enhanced
suppression of the generated acoustic streaming caused by the
background flow (i.e., the sample flow). According to our
previous findings,*8 5466 3 background flow with a higher fluid
velocity, compared to the one with lower fluid velocity, presents
stronger resistance to the formation of acoustic streaming
within our sharp-edge-based devices, assuming that the driving
voltage remains constant. As a result, in this work, increasing
the flow rate can adversely affect the formation of high-shear
zones and in turn, compromise the lysis efficiency. Additionally,
we note that the increased flow rate might also weaken the
trapping effect — the other dominating phenomenon
facilitating the cell lysis in our acoustofluidic device — and
thereby degrade the lysis efficiency.

Analysis of cell lysate

Our acoustofluidic device relies primarily on mechanical forces
(i.e., shear forces) to rupture cells, so it is a chemical-free
approach to release intracellular components from cells for
downstream analysis. Therefore, the key advantage of using our
device is that the lysis products may be used directly for
subsequent analysis without using post-lysis processes such as
washing and purification, because the released intracellular
components are present in their natural forms. To demonstrate
this feature, we collect the cell lysate from our acoustofluidic
device and use it directly for protein and genome analysis. Beta-
actin, which is widely used as an internal reference for protein
analysis, is chosen in this work as the target protein to carry out
western-blot analysis on the lysates of HelLa and Jurkat cells.

This journal is © The Royal Society of Chemistry 20xx
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Fig 6. Downstream analysis on proteins and nucleic acids using the un-lysed and
lysed samples for HelLa and Jurkat cells. (a) Western blot results of beta-actin
under different driving voltages of the acoustic transducer. Improved lysis
efficiencies by increasing the driving voltage lead to the increased expression
(i.e., increased release of beta-actin from the lysed samples) of beta-actin for
both types of the cells. (b) PCR results of targeted P53 gene. 291 bp fragments
on one exon of P53 gene are observed only for the lysed cell samples, indicating
that our acoustofluidic device can efficiently lyse the cells and then release
nucleic acids of interest from the cells.

Fig. 6a shows the western-blot analysis of the lysates
obtained under different driving voltages, where the sample
flow rate was held constant at 5 pL/min to ensure that the
driving voltage is the only variable being changed to influence
the lysis efficiency. For both Hela cells and Jurkat cells, the band
corresponding to beta-actin is present for the samples lysed
using more than 20 Vpp. As the driving voltage is increased, the
band of beta-actin becomes wider and darker. This western blot
result suggests that the number of lysed cells (i.e., the number
of target proteins present in the lysate) is increased as we
elevate the driving voltage. To further analyze whether the
lysates could be used for genetic profiling, we chose a 291 bp
fragment on the exon 3 region of human P53 gene as the
amplicon. By directly using the lysates of HelLa and Jurkat cells,
the PCR reaction we designed can successfully amplify P53
fragments and present positive bands via agarose
electrophoresis. Since the designed PCR reaction includes only
26 circles of amplification, the PCR result also suggests that the
templates are abundant in the lysates and that genomic DNA of
the lysed cells are not degraded during the lysis process.
Additionally, western blot is based on antibody-specific capture
of target molecules and PCR is based on the recognition
between DNA single strands. We successfully use the lysates
collected from our acoustofluidic device directly for these two
analyses without additional washing procedures; this
demonstrates that the biomarkers present in the lysates are
bioactive and could be directly detected by both antibody-
based and DNA-based methods. It should be noted that there
may be lysates that remain in the channel, such as molecules of
interest that stick to the channel surfaces or cellular debris that
is trapped and circulates within the acoustic streaming vortices.
Nevertheless, because our device performs cells lysis in a
“continuous-flow” manner, we believe that the majority of the
lysis products generated during device operation flow through

This journal is © The Royal Society of Chemistry 20xx
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the entire channel to be collected at the outlet. The amount of
lysates remaining in the channel should therefore be minimal or
negligible compared to the total amount of lysates that flow
through the channel to be collected. These results reveal the
potential of our acoustofluidic lysis device for the integration
with existing microfluidic-based components towards the
development of integrated, monolithic POC platforms.

Lysis and analysis of malaria-infected RBCs

The ultimate goal for all of the existing lysis approaches is their
utilization to process cell samples that are clinically relevant or
disease-related. To demonstrate the capability of our
acoustofluidic device towards this goal, we conduct the cell lysis
on red blood cells infected with 3D7 malarial parasites (referred
to as infected RBCs hereafter). Fig. 7a shows the morphological
difference between infected RBCs that are lysed with our
acoustofluidic device, and infected RBCs that flow through the
device in the absence of acoustic streaming (i.e., un-lysed). In
the un-lysed sample, the concentration of RBCs is higher, RBCs
remain intact, and parasites (as indicated by white arrows) are
enclosed within RBCs. In the acoustically lysed sample, by
contrast, RBCs are present at a lower concentration, and there
are partially-ruptured RBCs and many hollow, membrane-like
structures observed. The membrane-like structures are
believed to be RBCs that are ruptured and may have released
their hemoglobin to the surrounding medium. As shown in Fig.
7b, the lysed sample contains less precipitation and its
supernatant is pink, which proves that hemoglobin has been

a OFF

Fig 7. Characterization of the lysis products using malaria-infected RBCs. (a)
Morphological comparison between the un-lysed samples (left, OFF) and the
lysed samples (right, ON). In the un-lysed samples, parasites are present and
enclosed by normal RBCs, as indicated by white arrows; in the lysed samples,
parasites are also observed but present as independent bio-particles because
they are released from RBCs upon lysis. (b) Visual comparison between un-lysed
and lysed samples. After centrifugation, the lysed sample (right, ON) exhibits less
precipitation and a higher level of released hemoglobin than the un-lysed
sample, which indicate that RBCs are lysed and hemoglobin is released to the
surrounding medium. (c) PCR results using the un-lysed and lysed samples. The
nucleic acid of malarial parasites could be detected from the lysed sample.
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released from the ruptured RBCs. Most importantly, in the lysed
sample, a few parasites and parasite debris are present as tiny
black dots (as indicated by blue arrows), suggesting that
parasites are released from ruptured RBCs and some of them
may have been lysed. Based on the PCR result, a 205 bp
amplicon on the SSUrRNA gene using designed primers can be
detected using the lysis product of infected RBCs as templets,
while no target band is present for the un-lysed sample. These
results demonstrate that our acoustofluidic device can rupture
parasite-infected RBCs to release malaria parasites, and that the
lysis products can be directly used for subsequent analysis.
Furthermore, the results also demonstrate the potential of our
acoustofluidic devices for the lysis and detection of clinically
relevant or disease-related samples such as bloodborne
pathogens.

Conclusions

Utilizing the acoustic streaming induced by oscillating sharp-
edged structures, we have demonstrated an acoustofluidic
device that can mechanically lyse cells via the shear forces
arising from the generated acoustic streaming, in a continuous,
reagent-free, and controllable manner. The distribution and
magnitude of the resulting shear forces can be controlled by
adjusting the strength of the induced acoustic streaming effect,
which can be achieved simply by controlling the driving voltage
of the acoustic transducer. In other words, the lysis efficiency of
our acoustofluidic device can be adjusted simply by altering the
driving voltage. With the acoustofluidic device, we can perform
cell lysis with both adherent and non-adherent cells. Currently,
the cell lysis efficiency of our device is higher than 90%, and can
even achieve 98% in some test runs. Compared with chemical
microfluidic cell lysis (~86% efficiency),®8 electrical cell lysis (74-
99% efficiency),® optical microfluidic cell lysis (78-80%
efficiency),?3 thermal lysis (~90% efficiency),2! and mechanical
methods (65-99% efficiency),®8 the lysis efficiency achieved by
our sharp-edge acoustofluidic device is comparable. Because
our acoustofluidic-based cell lysis approach is chemical-free,
the lysis products can be used directly for downstream
protein/DNA analysis without washing and purification steps.
Additionally, we have demonstrated the ability of our
acoustofluidic device to process clinically relevant or disease-
related cell samples by conducting cell lysis with malaria-
infected RBCs; the resulting lysate can also be used directly for
the detection of representative malaria genes. Taken together,
our acoustofluidic lysis device is simple in fabrication and
operation, chemical-free in lysate quality, and controllable in
lysis efficiency; all of these features render our acoustofluidic
device a useful component for the development of automated,
self-contained POC platforms.
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