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Platelet separation is a crucial step for both blood donation and treatment of essential thrombocytosis. Here we present an
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acoustofluidic device that is capable of performing high-throughput, biocompatible platelet separation using sound waves.
The device is entirely made of plastic material, which renders the device disposable and more suitable for clinical use. We

used this device to process undiluted human whole blood, and we demonstrate a sample throughput of 20 mL/min, a

platelet recovery rate of 87.3%, and a red/white blood cell removal rate of 88.9%. We preserved better platelet function

and integrity for isolated platelets than those which are isolated using established methods. Our device features advantages

such as rapid fabrication, high throughput, and biocompatibility, so it is a promising alternative to existing platelet separation

approaches.

Introduction

Platelet separation is an important medical procedure used in clinical
medicine for platelet donation and treatment of essential
thrombocytosis.1~5 Additionally, platelets are a rich source of growth
factors and accelerate the recovery of human bones and soft
tissues.® A currently popular protocol used to separate platelets or
achieve apheresis uses a continuous centrifugation device that
separates blood from patients into various fractions based on

differences in density (red blood cells>white blood
cells>platelets>plasma). However, this approach requires long-
duration (several hours needed),” high-speed (>2,000g)

centrifugation,® which may negatively affect the functionality and
integrity of the platelets. These drawbacks often confound treatment
goals.?

Recently, various alternative attempts have been made at
isolating platelets from human whole blood.1®17 Most of these
attempts are based on microfluidic platforms which introduce
external forces such as hydrophoretic,!>18-23 dielectric,2425 inertial
focusing,222326 and acoustic forces.?’-32 The throughput of these
platforms, however, is often insufficient (<<1 mL/min) to substitute
them for conventional platelet separation, particularly for clinical
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use. The ability to isolate platelets from whole blood with high
throughput can reduce blood-processing time, which both protects
blood quality and saves donors’ time. Although recently several high-
throughput (¥10 mL/min) platelet-separation methods have been
demonstrated,3334 these methods require channel materials of high
acoustic impedance, such as stainless steel or glass. These materials
are problematic because plasma proteins quickly adhere to the
surface, which can result in the adhesion and activation of platelets
within the channel.3> In addition, the cost of stainless steel and glass,
which are the major components of the devices, make them
unsuitable for disposable medical devices.

In this work, we demonstrate a plastic-based, disposable acoustic
device to conduct fast, efficient, and biocompatible platelet
separation. Experiments show that our disposable acoustic device
isolates platelets at a high platelet recovery rate (87.3%) and high
removal rate (88.9%) for red blood cells (RBCs) and white blood cells
(WBCs) at a throughput of 20 mL/min whole blood. Our device uses
an “out-of-plane” design, which is fundamentally different from the
existing plastic-based acoustofluidic devices, which use a “in-plane”
resonator mode and thus require precise adjustment of the
dimensions of microchannels and can only achieve a relatively low
throughput (25-500 pL/min).3637 Using human whole blood, our
plastic-based acoustofluidic device achieved not only a high
throughput (20 mL/min) but also over 85% for both the platelet
recovery rate and the RBC/WBC removal rate. Following the platelet
separation process, we evaluated the platelet activation level,
hypotonic shock response (HSR), platelet aggregation activity, and
morphology. All of these results indicate that the platelets isolated
using our plastic-based acoustic device are of better quality than
those isolated using the gold-standard method (i.e., centrifugation).
Not only is our acoustic device disposable, low-cost, and easy to
prepare, but it is also fast, efficient, and biocompatible. Taken
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Figure 1. (a) Exploded 3D diagram (an oval channel is also carved into the bottom of the PMMA top layer, which provides a pathway for
the buffer solution), (b) photograph, and (c) schematic of the acoustic platelet separation device. a-a’ and b-b’ are two cross-sections of

the device.

together, these advantages make the device an excellent candidate
to replace conventional platelet separation approaches.

Materials and methods

Mechanism

Figs. 1(a-c) show an exploded 3D diagram, photograph, and
schematic of the acoustic-based platelet separation device,
respectively. The whole device consists of a plastic multi-layered
structure and an acoustic transducer. The multi-layered structure is
composed of two polymethyl methacrylate (PMMA) sheets as top
and bottom layers, respectively, and a polyester film as a divider. The
PMMA sheet and channel form a quarter-wavelength resonator
which produces a pressure node near the top layer and yields
effective separation.383° The pressure node near the top layer moves
cells from the blood to the buffer above it in a manner similar to
previously presented quarter-wavelength resonators.3440-44 Plastics
such as PMMA and polyester are routinely used in medical devices
due to their biocompatibility with human blood.*> Furthermore,
PMMA sheets can be easily mechanically machined or laser-cut into
any shapes of different thicknesses, which allows for flexibility of the
device’s design. The acoustic transducer was attached underneath
the structure and had a resonance frequency of 610 kHz. The
frequency was selected so that enough acoustic radiation force was
provided, and so that half of the wavelength was equal to the
thickness of the PMMA top layer, the PMMA thickness and the half-
wavelength of the working frequency must be equal to form the
proper quarter-wavelength resonator used for separation. The
device has two inlets and two outlets. Whole blood and buffer enter
the channel from two inlets, respectively, while the divider in the
middle of the channel separates these fluids before they mix in the
acoustic working area. When the acoustic transducer matches the

2 | Lab Chip, 2018, 00, 1-3

resonance frequency, the acoustic wave propagates through the
bottom PMMA layer and into the channel. The propagating wave is
a monotonic pressure amplitude gradient in the channel.*34¢ Qur
design allows a pressure node to form at the top of the channel while
an anti-node forms at the bottom of the channel.

When blood cells enter the channel, they are subject to various
acoustic radiation forces depending on size differences; this is shown
in the following equations.3447.48

2
Fp=— <%> @ (B, p)sin(2kx) €]
5 c 2 m C
®(B,p) = ﬁ—% @

Eq. (1) describes the relationship between the properties of the cell
(volume V,, contrast factor @), acoustic parameters (pressure pg, the
wavenumber k), vertical distance from the pressure (x), and acoustic
radiation force (Fg). Eq. (2) defines the acoustic contrast factor ¢,
which is a function of the density and compressibility of the cell, p.
and B, and the media, p,, and f,,, respectively.

As the blood and buffer flow through the acoustic pressure area,
all the blood components are subject to an acoustic radiation force,
as defined by cell properties, acoustic parameters of pressure and
wavenumber, as well as the vertical distance from the pressure.
Because RBCs and WBCs (RBC: 6-8 um, WBC: 12-17 um) are larger
than platelets (2 ~ 3 um), they are subject to greater radiation forces
than platelets. Size predominately determines the variation in the
acoustic radiation force and corresponding particle trajectories, with
the density and compressibility relationship between particles and
the medium also contributing to the separation.*®-52 Thus, RBCs/
WABCs are pushed into the buffer near the top layer, while platelets
remain near the bottom layer and thus are separated.

This journal is © The Royal Society of Chemistry 2018
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Figure 2. (a) The simulated absolute acoustic pressure field of the a-a’ cross-section of the acoustic device for platelet separation, and
the Gorkov’s potential and acoustic radiation force direction in the channel. (b) The normalized acoustic pressure distribution along
the middle line of the acoustic device. (c) The simulated trajectory of the platelets and RBCs/WBCs along the channel length when

exposed to the acoustic field.

Device Fabrication

Three layers of plastic are required to assemble the acoustic device.
The two PMMA sheets were machined by a computer numerical
control (CNC) cutting machine as the top and bottom layers, and the
polyester film was laser-cut as the divider and sandwiched between
the top and bottom layers. Four plug-connectors connected the
inlets and outlets with the tubing. An ultrasonic couplant was used
to couple the transducer with the device, ensuring that the ultrasonic
energy could be effectively delivered into the channel. Moreover, the
couplant could be easily removed and cleaned, which enabled us to
reuse and recycle the acoustic transducer.

Acoustic Field

To understand the acoustic pressure field inside our plastic-based
acoustic chip, a hydrophone (HNC0100, Onda Corporation, USA) was
employed along with an oscilloscope (DP0O4104, Tektronix, USA) to
measure the acoustic field after the transducer was attached to the
bottom layer. A homemade 3-D scanning platform controlled with
the LabVIEW software (NI Corporation, USA) was used to control the
scanning of the field. The device was placed into a sink for measuring
the acoustic field to identify the uniformity of the output transducer
energy. The relationship between the driving voltage of the
transducer and acoustic pressure was also calibrated with the
hydrophone.

This journal is © The Royal Society of Chemistry 2018

Numerical Simulation

To understand the acoustic pressure and cell displacement in the
designed acoustic platelet separation device, numerical simulation
was conducted using a finite-element-based software package,
COMSOL Multiphysics® version 5.2a (COMSOL, USA). Firstly, the
“Pressure Acoustics” module was used to solve the acoustic field on
a vertical cross-section of the device within the transducer-
functioning area by using a “Frequency Domain” model solver at 610
kHz, the resonance frequency of the transducer applied in the
experiment. The acoustic pressure used for the simulation was the
measured value, while the corresponding normal velocity was
calculated and added to the bottom of the device. The corresponding
acoustic radiation force for WBCs, RBCs, and platelets was calculated
based on Eq. (1) and (2). The “Laminar Flow” and “Particle Tracing for
Fluid Flow” modules were used to predict the RBC/WBC and platelet
displacement in the lateral cross-section inside the channel under
the acoustic radiation force and the Stokes drag force at a flow rate
of 7 ml/min. The simulation results show that the absolute value of
acoustic pressure decreased from bottom to top within the channel
(Figs. 2(a) and 2(b)); as a result, the cells in the channel would be
pushed upward to the top of the channel (Fig. 2(c)). Because of their
size difference, RBCs/WBCs were subject to stronger acoustic
radiation force than the platelets. Thus, the RBCs/WBCs were

Lab Chip, 2018, 00, 1-3 | 3
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Figure 3. (a) The measured acoustic field of the b-b’ cross-
section. (b) The measured and fitted acoustic pressure as a
function of the driving voltage. Each data point represents five
independent measurements * standard deviation from a
hydrophone; however, because the hydrophone is stable and
can reproducibly measure the acoustic pressure, the measured
acoustic pressure barely changed among five independent
measurements (error bars are smaller than data marker size).

separated from platelets at the end of the channel by 250 um. These
simulation results validated the working mechanism of our device.
All the parameters used in the simulation are listed in Tables S1 and
S2 in the Supplementary Information.

System Setup

The blood sample and buffer solution were delivered into the
acoustic device through a homemade peristaltic pump, which has
four pumping channels and provides a range of flow rates from 1 to
50 mL/min. An RF signal generator (AFG 3011, Tektronic, USA) and a
power amplifier (25A250A, Amplifier Research, USA) provided
coherent AC signals to the acoustic transducer. The resonance
frequency of the acoustic transducer after being bonded to the
fluidic chamber was measured using a vector network analyzer (VNA
2180, Array Solutions, USA).

Blood Samples and Buffer Solution

The human whole blood sample was purchased from Zen-Bio, Inc.
10% sterile dextrose solution, which is commonly used for platelet
storage and is biocompatible at this concentration,53 was used as the
buffer solution to tune the acoustic impedance of the medium.*8 A
hematology analyzer (Ac-T diff2, Beckman Coulter, USA) was used
before and after platelet separation processing. The functionality
and quality of platelets were evaluated by the expression level of CD
62P (P-selectin), morphology score, platelet aggregation activity, and
the HSR. The expression level of P-selectin on the platelets' surface

4 | Lab Chip, 2018, 00, 1-3

was measured using a human sP-selectin immunoassay (R&D
Systems, Inc., USA). To characterize the morphology score,>*3>
platelet samples were diluted with plasma to 300,000 platelets per
pL, and a drop (10 uL) was placed on a slide and examined under a
microscope. 100 platelets were counted and evaluated for
morphology. The morphology score was then presented as the
percentage of discoid platelets (discs and altered discs). The platelet
HSR and platelet aggregation were measured with an aggregometer
(500VS, Chrono-Log, USA).

Results

Device performance

The uniformity of the input acoustic energy was essential to the
platelet separation performance. An asymmetrical acoustic pressure
field might have induced disordered motion of the fluid, which would
have mixed the sheath flow and whole blood. To evaluate the
acoustic energy after the acoustic transducer was attached to the
bottom layer, the acoustic pressure field was measured across the
bottom layer area (Fig. 3(a)). The field was nearly uniform in the
central area, since the transducer was attached at the bottom of the
layer. The pressure outside the area covered by the transducer was
nearly zero, which was outside of the effective separation area. The
acoustic pressure (Fig. 3(b)) was linearly proportional to the voltage,
which was beneficial for the acoustic power adjustment during the
experiment. Moreover, compared to our previous device made of
stainless steel,>® whose acoustic impedance is about 15 times higher
than that of PMMA, our plastic-based separation device enables the
transmission of greater acoustic energy into the channel due to a
lower reflection factor between the coupling layer and plastic
bottom layer. The efficiency is improved when more acoustic energy
is consumed.

In the platelet separation process, two distinct flow rates were
applied to the two inlets to avoid mixing the two flows. The flow rate
of the sheath flow was twice that of the blood flow. As shown in Figs.
4 (a) and (b), when the transducer was turned off, all the whole blood
flowed to the right outlet, while the sheath flowed to the left outlet.
After turning on the transducer, the RBCs/WBCs were separated and
directed to the left outlet. Fig. 4(c) shows the input sample (i.e.,
whole blood, left) and the separated platelet sample (right).
Although some RBCs were still in the separated sample, over 85% of
RBCs/WBCs were removed from the whole blood. Using flow
cytometry, we quantitatively characterized the platelet separation
performance, as shown in Figs. 4(d) and (e). In whole blood, the
RBCs/WBCs constituted the majority of the cellular components, and
a few (1.78%) components were platelets (Fig. 4(d)). After the
acoustic platelet separation process, the vast majority of the
RBCs/WBCs were removed, and the platelets isolated and enriched
to 82.9% in the collected sample (Fig. 4(e)). The forward scattering
signal of platelets was slightly cut off, possibly due to the lowest size
limit of the flow cytometer, which may have been affecting the
accuracy of the platelet count. Throughout the experiments, a
sample flow rate of 20 mL/min and driving voltage of 45 Vpp were
applied for our acoustic devices. As shown in Fig. 4(f), the platelet
collection efficiency of the plastic-based acoustic device was
compared to three commercial plateletpheresis systems which were
studied by Keklik, M. et al.>” The platelet collection efficiency of our
acoustic device can reach a maximum of 92.3%, which is nearly 10%

This journal is © The Royal Society of Chemistry 2018
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higher than the best performance of commercial plateletpheresis
product. Moreover, the RBC/WBC removal performance is also
compared to commercial plateletpheresis product by comparing the
hemoglobin (Hb) level, which serves as an oxygen-transport
metalloprotein in red blood cells, before and after platelet
separation process. As shown in Table S3 in the Supplementary
Information, although the platelet recovery rate is lower than that of
our acoustofluidic method, the commercial plateletpheresis has a
relatively higher RBCs/WBCs removal rate585° of 93.6% for Amicus,
94.3% for COM.TEC, and 95.5% for Trima, compared to 88.2%
achieved at a throughput of 20 mL/min for our acoustofluidic
method.

High-Throughput Platelet Separation

The flow rate and driving voltage applied to the acoustic transducer
were the two factors that primarily influenced the platelet
separation performance. Differing from most of the acoustic
separation methods,%9-62 where bubbles can be easily generated in
the channel due to increasing temperature, in our device, heat
induced due to acoustic energy will flow to the buffer/blood flow
through conduction, such that the temperature in the channel stays
relatively low. To further evaluate the performance of acoustic
platelet separation, we quantitatively characterized the RBC/WBC
removal and platelet recovery rates as functions of the flow rate and
driving voltage. The removal rate is the ratio of RBCs/WBCs collected
from the left outlet (i.e., the RBC/WBC outlet) to the RBCs/WBCs

(a) Sheath flow | Whole blood (b)

Acoustics OFF

RBC/WBC | Platelet

L.ab on-a Chip

introduced at the inlet, while the recovery rate is the ratio of isolated
platelets collected from the right outlet (i.e., the platelet outlet) to
the platelets introduced at the inlet. As increases in flow rate
reduced the time in which blood components were subject to
acoustic radiation force, we expected to see reduced separation of
large blood cells. As shown in Fig. 5(a), when voltage was fixed and
flow rate increased from 5 to 20 ml/min, the RBC/WBC removal rate
was reduced by 13%, and the platelet recovery rate was barely
affected. Meanwhile, when the driving voltage was increased from
35 to 50 Vpp, the RBC/WBC removal rate was improved, while the
platelet recovery rate was compromised. When a greater voltage
was applied, a greater acoustic radiation force acted on the
RBCs/WBCs; similarly, the platelets were subject to a greater acoustic
radiation force. Thus, the displacement of all the blood cells including
the RBCs/WBCs and platelets increased, which improved the
RBC/WBC removal rate but decreased the platelet recovery rate.
Nevertheless, when the driving voltage reached over 40 Vpp at a flow
rate of the blood sample ranging from 5 to 20 mL/min, our device
demonstrated over 83% for both the RBC/WBC removal rate and
platelet recovery rate. Our plastic-based acoustofluidic device, when
operated under the optimized flow rate (7 mL/min) and optimized
driving voltage (45 Vpp), could reach over 90% for both the RBC/WBC
removal rate and platelet recovery rate. It should be also noted that
the flow cytometry results for the collected sample show a relatively
lower RBC/WBC concentration than the results suggested by the
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Figure 4. (a) When the acoustic transducer is off, whole blood are collected at the right outlet; (b) when the acoustic transducer is on,
RBCs/WBCs are separated to the left outlet in response to the acoustic radiation force, and therefore, the platelets are collected at the
right outlet. (c) The comparison of whole blood (left) and collected platelet sample (right). The flow cytometry results using (d) the
whole blood and (e) collected sample. (f) The comparison of platelet collection efficiency between our acoustic device and three
commercial plateletpheresis systems (Fenwal Amicus, Fresenius COM.TEC, and Trima Accel). The data of commercial plateletpheresis
systems is studied by Keklik, M. et al. 3¢ The data represent three independent experiments as average + standard deviation.
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Figure 5. (a) The RBC/WBC removal rate and (b) platelet recovery
rate of the acoustic platelet separation device as the functions of
the flow rate and driving voltage applied to the acoustic
transducer. The data represent three independent experiments
as average * standard deviation.

data in Figure 5(a), which was derived by comparing the RBCs/WBCs
introduced into and collected out of the left outlet. One potential
reason for this inconsistency is that RBCs/WBCs tend to aggregate
and forms clusters within the flow;®® this means that multiple
RBCs/WBCs are counted as a single one. Another possible reason is
that a large number of RBCs/WBCs in the whole blood may stick to
the bottom of the channel, or to the tubing of the device, which
causes a decrease in the RBCs/WBCs measured from the right outlet.
Platelet Quality and Function

The quality of the isolated platelets was evaluated using the
following parameters: P-selectin, morphology score, platelet
aggregation activity, and HSR (Fig. 6). The results show that
compared to centrifugation,®646> the acoustic platelet separation
technology does much less damage to the platelets. As a positive
control group, platelets were also recovered upon centrifugation,
where 10 mL blood sample was centrifuged for 12 min at 200 g,
followed by collection and then centrifuging the top and middle
layers for 5 min at 1200 g to obtain the platelet-rich plasma.64¢ The
expression level of CD 62P (P-selectin) was adopted to compare the
activation levels for the platelets isolated by our acoustic technique
to the centrifugation, and for the untreated platelets in the original
whole blood as the negative control group. As shown in Fig. 6(a),
compared to the negative control samples, the platelet activation
level increased by only 13.3% for the platelets isolated by our
acoustic platelet separation technique, while it increased by 24% for
the platelets recovered by the centrifugation. Moreover, the acoustic
separation, when compared to the centrifugation, also had a higher
morphology score (Fig. 6(b)), suggesting that the discoid platelets
were of greater integrity after acoustic separation than after
centrifugation.®’ In terms of the platelet aggregation activity, 5 pM

6 | Lab Chip, 2018, 00, 1-3

adenosine diphosphate (ADP) was used as the agonist, and the
corresponding platelet-poor plasma was utilized as control and
transmission standardization. Platelets separated by our acoustic
technology show higher aggregation ratios compared to the
centrifugation result (Fig. 6(c)), which implies a better platelet
functionality. Finally, the acoustically isolated platelets had higher
HSR (Fig. 6(d)), which indicates that the platelets had higher
viability.®® Results were obtained from using three independent
blood samples and analyzed using a one-way ANOVA post hoc test.
Through the statistical analysis, we concluded that the quality of
platelets isolated using our acoustic method is statistically better
than those isolated using the centrifugation method. These results
indicate that when one uses the plastic-based acoustic chip, the
integrity of isolated platelets will be preserved better than by
centrifugation.

Discussion

Current plateletpheresis and apheresis instruments for clinical use
evolved from blood separation technology developed in the 1940’s
as part of a wartime effort to provide blood fractions to injured
soldiers. Consequently, these instruments have been exclusively
developed for treatment of adult human subjects and have not been
optimally designed for use in neonates and infants who typically have
1/10t* the blood volume of adults. Smaller instruments are
additionally needed to facilitate research. Due to the size of current
instrumentation, research applications involving centrifugal-based
devices have been restricted to human subjects, or large animals
(dogs and non-human primates) weighing >10 kg.  Current
technology has not evolved to adapt for smaller blood volumes
essential for performing research in smaller animals.

In this article, we describe a novel technology that is capable of
separating cells in a fluid medium in both large (e.g., 1,000 mL
extracorporeal volume) and small volumes (e.g., 3 mL extracorporeal
volume) using sound waves. This technique offers a powerful tool for
label-free separation of a variety of cellular and sub-cellular particles
for both therapeutic, diagnostic, and research applications. Its
versatility makes it suitable for platelet separation for adult human
subjects, neonates and infants, large animals (such as dogs and
horses), and small animals (such as mice).

This journal is © The Royal Society of Chemistry 2018
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Figure 6. Evaluation of the quality of the isolated platelets by our acoustic platelet separation technique and the centrifugation: (a) P-
selectin characterization, (b) morphology score quantification, (c) platelet aggregation activity measurement, and (d) hypotonic shock
response analysis. Data represents average * standard deviation from three independent experiments (*p < 0.05).

Our plastic-based acoustic device isolates platelets at 88.9% for
the RBC/WBC removal rate, 87.3% for the platelet recovery rate, and
20 mL/min for the throughput. The RBC/WBC removal rate and
platelet recovery rate can be improved to over 90% by optimizing the
device’s design and operation parameters. It is worth mentioning
that, the WBC count of the blood samples we purchased (1.2-
5.5x103/uL) is lower than a typical WBC count from fresh blood (4-
11x103/uL). This is because WBCs die relatively easily and their
number decreases during the shipping process (typically 1-2 days).
Meanwhile, in the collected sample, the WBC count given by the
blood analyzer is always 0; this is most likely because the number of
WBCs in the sample is lower than the detection limit (0.01x103/uL)
of the equipment. Thus, the RBC and WBC removal rates were
combined to identify the separation efficiency of our acoustofluidic
device. Accounting for the limitations of the equipment and the
imposed detection limit, the maximum remaining WBCs would be
10/uL, which indicates that the minimum WBC removal rate would
be ~99.2%. Thus, in one unit of collected platelet sample, the
estimated maximum WBC number is ~2.5 x106 which is above the
recommended contamination level of 1x106 set by Council of
Europe® but below 5x10° as required by the AABB standards.” In
our acoustic device, a low-power-intensity acoustic field is applied to
the blood components for several seconds. The operational
parameters of our device are comparable to the power and intensity
used in ultrasonic imaging, which is regarded as a safe method (even
for fetal imaging). The gold-standard platelet separation approach,
centrifugation, on the other hand, typically lasts several hours; the
components are exposed to strong forces for a much longer time.
Thus, the gentle process used in our acoustic device will have less of

This journal is © The Royal Society of Chemistry 2018

a negative effect on the isolated platelets and provide a higher
quality sample.

Our acoustofluidic devices still have some drawbacks. Its
throughput (20 mL/min) is still lower than those of high-end
plateletpheresis devices (up to 80 mL/min). In addition, the
traditional plateletpheresis equipment can separate platelets from
plasma to obtain platelet samples that has no contaminants such as
cell-free DNA and cytokines, while our device has not yet
demonstrated this feature. Nevertheless, our acoustic device
possesses many inherent advantages including high biocompatibility,
low cost, and ease of preparation and operation. With these
advantages, it is suitable not only for platelet separation but also for
label-free separation of many other cellular and sub-cellular
particles.
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