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Abstract: Microplastics have emerged as ubiquitous contaminants, attracting increasing global
attention. Recent evidence confirms the presence of microplastics in human blood, suggesting their
potential to interact with cells and induce adverse physiological reactions in various organs as blood
circulates. To quantify the distribution of microplastics and assess their potential effects on human
health, the effective separation of microplastics from blood is crucial. However, current methods for
separating microplastics from blood are limited in effectiveness and simplicity. This study proposes
a microfluidic device that utilizes traveling surface acoustic waves to separate microplastics from
blood. While traveling surface acoustic waves have been employed to separate various particles,
a systematic study on the separation of microplastics from blood samples has not been previously
reported. Specifically, the theoretical values of the acoustic radiation factor for various types of
microplastics and blood cells were investigated. The significant differences in resonant frequencies
indicated the feasibility of separating microplastics of different sizes and types from blood cells.
Experimental validation was performed using a polydimethylsiloxane microfluidic device on a
piezoelectric lithium niobate substrate. The device successfully separated 5- and 10-micrometer
polystyrene microplastics from blood samples. The effects of power and flow rate on separation
efficiency were also systematically investigated. This study provides a novel approach for the
effective separation of microplastics from blood, contributing to the assessment of their distribution
and potential health impacts.

Keywords: microplastics; traveling surface acoustic waves (TSAWs); microfluidic device; blood
separation; acoustofluidics

1. Introduction

Since their advent, plastics have rapidly become an integral part of everyday life due to
their lightweight and durable properties [1,2]. Given the lack of alternative materials with
similar characteristics and utility, the use of plastics is expected to persist for a long time [3].
However, the extensive and often excessive use of plastics has inevitably led to pollution
across various ecosystems, contaminating water, soil, and air [4–8] and consequently posing
negative impacts on public health [9,10]. Notably, microplastics, particles smaller than
5 mm, have been identified as the most abundant plastic pollutants in oceans [11–13].
Due to their small size, these microplastics can easily disperse globally [14], significantly
increasing human exposure to plastic pollution [10,15].

It is estimated that humans inhale and ingest more than 70,000 microplastics per
year [16]. Microplastics have been detected in various food sources, such as salt and
seafood [17–19], as well as in drinking water [20,21] and air [22,23]. Schwabl et al. reported
that human stool samples contained an average of 20 microplastic particles (50–500 µm)
per 10 g of stool, with polypropylene and polyethylene being the most common types [24].
An average of 12 plastic particles, ranging in size from 5 to 10 µm, were found in placenta
samples [25]. Microplastics sized between 4 and 30 µm were identified in the tissues
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of patients with cirrhotic liver injuries [26]. Additionally, human sputum samples were
examined, revealing 21 types of plastic particles ranging from 44.67 to 210.64 µm [27].

The exposure to these particles has raised global concern about public health, with
increasing evidence showing the adverse impacts of these pollutants [28,29]. For example,
polystyrene microbeads can lead to undesired alterations in enzymatic activity [30,31]. Ad-
ditionally, microplastics have been associated with genotoxicity and DNA damage [32,33].
Spermatogenesis dysfunction induced by polystyrene particles has been studied both
in vivo (using mice) and in vitro, with results suggesting that microplastics can disrupt the
blood–testis barrier (BTB) and cause an imbalance in the mammalian target of rapamycin
(mTOR) pathway [34].

More recently, a study by Leslie et al. reported the presence of microplastics in human
blood [35]. Five widely used polymers, including poly(methyl methacrylate) (PMMA),
polypropylene (PP), polystyrene (PS), polyethylene (PE), and polyethylene terephthalate
(PET), were identified in blood samples collected from 22 healthy donors, with an average
concentration of 1.6 µg/ml. As blood plays a crucial role in connecting different organs,
the presence of microplastics in blood indicates their uptake within the human body [36].
Despite this finding, it remains unclear how microplastics are transported and distributed
in blood and the human body and whether these particles can potentially affect immune
regulation and alter normal physiological activities. Therefore, effectively separating mi-
croplastics from blood samples is essential for public risk assessment, given the high levels
of microplastic pollution worldwide [37,38]. However, sampling microplastics in blood is
challenging due to their small size, typically only a few micrometers [35]. In the works
reported by Leslie et al., Ragusa et al., and Schwabl et al., the approaches used for sampling
require bulk filtering, which is both time-consuming and labor-intensive [24,25,35]. To
provide a simpler and more efficient approach, we propose an acoustofluidic device to
separate microplastics from blood samples. This device leverages the powerful particle
manipulation capabilities of traveling surface acoustic waves (TSAWs) and operates in
a non-contact, label-free manner. By exploiting the differences in acoustic properties be-
tween microplastics and blood cells, our method enables precise and rapid separation,
significantly reducing processing time and minimizing sample handling.

As an emerging and promising tool, acoustofluidics has been widely used in mul-
tiple separation applications, including cancer cell, exosome, and blood–plasma separa-
tion [39–42]. To the best of our knowledge, acoustofluidics has not yet been applied to
the separation of microplastics from blood samples. Fundamentally, particles can be ma-
nipulated using different types of acoustic waves, among which surface acoustic waves
(SAWs) are commonly employed in microfluidic applications [42–44]. SAWs are generated
by interdigitated transducers (IDTs), and by altering their geometry and layout, different
acoustic fields can be created to achieve various purposes, such as particle focusing and
separation [43,45]. Specifically, the layout of IDTs can produce two types of surface acoustic
waves: standing surface acoustic waves (SSAWs) and traveling surface acoustic waves
(TSAWs) [43,46]. In this study, TSAWs were employed to separate microplastics from blood
samples. Initially, the theoretical values for the acoustic radiation factor of ten common
types of plastics with sizes of 1, 3, 5, and 10 µm, as well as blood cells, were investigated.
Experiments were then conducted to validate the theoretical acoustic radiation factor values
for polystyrene particles of 5 and 10 µm. Polystyrene particles were chosen for their exten-
sive use in microfluidics and their prevalence as one of the most abundant microplastics
globally. To test the hypothesis that microplastics can be separated from blood cells, 5 and
10 µm polystyrene particles were successfully separated from blood cells. Lastly, the effects
of power and flow rate on separation efficiency were systematically examined.

2. Materials and Methods
2.1. TSAW Microplastic Separation Mechanism

The mechanism of microplastic separation from blood samples is depicted in Figure 1.
The device consists of a piezoelectric lithium niobate (LiNbO3) substrate and a poly-
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dimethylsiloxane (PDMS) microfluidic chip. Chirped IDTs were employed because they
allow testing multiple frequencies [47,48]. The fabricated devices had IDTs with varying
pitch from 6.8 to 22 µm, enabling operation between 45 and 145 MHz. A sinusoidal alter-
nating current (AC) signal created by a waveform generator was amplified and applied to
the IDTs to generate the TSAW (Figure 1a). The leaky TSAW propagates perpendicularly
to the main microchannel and interacts with the fluid, generating a pressure gradient on
the substrate surface, which propagates toward the fluid and induces particle displace-
ment [48–50].
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bility). Separation is achieved if the microplastic particles have a higher ARF than blood cells at the 
same operational frequency, resulting in larger displacements of the microplastic particles. (b) 
Cross-sectional view of the separation process: The TSAW generates a pressure gradient that dis-
places the microplastics toward the separation region. Due to the Rayleigh angle, there is a dead 
pressure zone that traps particles and hinders their separation. This region is avoided with the use 
of Sheath Flow I. (c) Photo of the actual device: the scale bar represents 5 mm. 

The device comprised three inlets: the central port for sample injection and the two 
side inlets for sheath flows. These sheath flows served to focus the sample at an optimal 
distance from the channel walls. Additionally, Sheath Flow I was crucial in preventing 
particles from being trapped in the dead pressure zone [47,48]. The focused sample then 
flowed through the main microchannel, reaching the region where the TSAW was ap-
plied. By using a resonant frequency that induced greater acoustophoretic effects on 

Figure 1. The microfluidic device used for blood microplastic separation. (a) Schematic of the
separation mechanism: Once the IDTs are actuated by electrical signals, the TSAW is established
on the substrate surface, displacing particles according to their physical properties (e.g., size, com-
pressibility). Separation is achieved if the microplastic particles have a higher ARF than blood cells
at the same operational frequency, resulting in larger displacements of the microplastic particles.
(b) Cross-sectional view of the separation process: The TSAW generates a pressure gradient that
displaces the microplastics toward the separation region. Due to the Rayleigh angle, there is a dead
pressure zone that traps particles and hinders their separation. This region is avoided with the use of
Sheath Flow I. (c) Photo of the actual device: the scale bar represents 5 mm.

It is worth noting that the leaky wave generates a dead pressure zone, where particles
are not subject to acoustophoretic effects (upper left corner of the channel, as shown in
Figure 1b) [42,51]. The size of the dead pressure zone can be estimated by the Rayleigh
angle, θ = sin−1

(
c f /cLiNbO3

)
≈ 22.8◦, where c f and cLiNbO3 are the speeds of sound in

the fluid and substrate, respectively. The actual device can be seen in Figure 1c, with the
microchannels highlighted using food coloring.

The device comprised three inlets: the central port for sample injection and the two
side inlets for sheath flows. These sheath flows served to focus the sample at an optimal
distance from the channel walls. Additionally, Sheath Flow I was crucial in preventing
particles from being trapped in the dead pressure zone [47,48]. The focused sample then
flowed through the main microchannel, reaching the region where the TSAW was applied.
By using a resonant frequency that induced greater acoustophoretic effects on microplastic
particles compared to blood cells, the TSAW deflected the microplastics transversely while
leaving the blood cells largely unaffected. This process directed the microplastics to a
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designated separation outlet. The device was designed with two outlets to collect the
separated blood cells and microplastics, respectively.

2.2. Fabrication of the Microfluidic Device

The substrate used for the SAW transducer was a Y + 128 X-propagation LiNbO3 wafer
(University Wafer Inc., Boston, MA, USA). The IDTs design was patterned on the LiNbO3
wafer using a photolithography process (AZ nLOF 2035, Integrated Micro Materials Inc.,
Argyle, TX, USA) performed in a Maskless Aligner (MLA 150, Heidelberg Instruments
Mikrotechnik GmbH, Heidelberg, Germany). Subsequently, a double metal layer (Cr/Au,
50 Å/800 Å) was deposited using an e-beam evaporator (Lesker Lab 18, Kurt J. Lesker
Company, Jefferson Hills, PA, USA), followed by a lift-off process to obtain the desired IDTs
for SAW generation. To enhance the bonding between the PDMS device and the LiNbO3
substrate, a 100 nm SiO2 layer was deposited on top of the final IDTs [52–54].

The PDMS device was fabricated using the standard soft-lithography method [55].
The main PDMS channel measures 400 µm in width and 40 µm in depth, with inlets
measuring 133 µm × 40 µm and outlets measuring 200 µm × 40 µm. The PDMS device
was permanently bonded to the LiNbO3 substrate via oxygen plasma treatment (50 sccm,
100 mTorr, 100 W, 2 min). Afterward, the devices were placed in an oven at 80 ◦C for
30 min. To test a wide range of frequencies, the devices were equipped with chirped IDT
fingers featuring variable width and pitch. Two types of devices were fabricated for low-
and high-frequency testing. The width and pitch were progressively increased by 0.5 µm,
following guidelines from other studies [56–58]. The low-frequency device operated from
45 to 85 MHz (22–11.5 µm pitch and width), while the high-frequency device operated
from 90 to 145 MHz (11–6.8 µm pitch and width).

2.3. Microplastics and Blood Preparation

Microplastic solutions were prepared by diluting synthetic microspheres in deionized
water. The particles consisted of fluorescent PS with sizes of 5 and 10 µm (Thermo Fisher
Scientific, Hanover Park, IL, USA). One droplet of PS particles was added to 10 mL of
deionized (DI) water to create the microsphere suspension. Porcine whole blood (Innovative
Grade US Origin Porcine Whole Blood K2 EDTA 100 mL, Innovative Research Inc., Novi, MI,
USA) was diluted in phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Hanover
Park, IL, USA) according to the guidelines in [59]. To avoid clogging the microfluidic
channels, the final diluted samples contained 20% blood and 80% PBS, totaling 10 mL of
the diluted blood mixture. The diluted blood was gently mixed with the microplastics in a
sterile conical Eppendorf tube to obtain the samples used for separation.

2.4. Separation Quantification and Data Analysis

An inverted microscope (Zeiss Axio Vert.A1) with a camera (VEO E310L, Phantom,
Wayne, NJ, USA) was used to observe the flow and record images and videos. For the
fluorescent particles, a fluorescence illuminator (X-Cite mini + 365 nm, Excelitas, Waltham,
MA, USA) was used. Fluids were injected using syringe pumps (Fusion 200, Chemyx Inc.,
Stafford, TX, USA). The signal from a waveform generator (RIGOL DG4162 Arbitrary Wave-
form Generator—160 MHz, RIGOL Technologies Inc., Portland, OR, USA) was amplified by
an amplifier (AR Microwave Instrumentation, Model 100A250A amplifier, Souderton, PA,
USA) and then applied to the IDTs. The particle solution mixed with deionized water was
injected through the device’s central inlet, while deionized water was used as the sheath
flow and injected through inlets I and III (Figure 1). Separation efficiency was quantified
by counting the particles collected from the outlets. Additionally, images and videos were
recorded and analyzed using Phantom camera software (Phantom Camera Control and
Phantom Video Player version 3.7, Phantom, Wayne, NJ, USA).
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3. Results and Discussion
3.1. Theoretical Acoustic Radiation Force

The separation principle relies on the fact that particles with different physical prop-
erties experience different acoustophoretic forces (FTSAW) at the same operational fre-
quency [48,60,61]. According to the theoretical description of the effects of TSAWs on
particles, the properties that influence the acoustic radiation force/factor (ARF) include size,
density, and compressibility (both longitudinal and shear speed of sound) [62]. To induce
substantial particle displacement, the applied frequency must match the particle’s resonance
frequency, thereby achieving a significant ARF and increasing the acoustophoretic force.

In this study, the acoustofluidic theory proposed by Hasegawa et al. was utilized to
predict the force exerted by the TSAW on particles within the microfluidic channel [62].
The average force (FTSAW) induced by a TSAW on a spherical particle is expressed by
Equation (1), where a is the particle diameter, E is the mean energy density from the TSAW,
and YP is the ARF.

FTSAW = YPπa2E (1)

The equation suggests that while FTSAW can be increased by raising the applied power,
its value also depends on YP. If YP is negligible, then the acoustophoretic force will also be
small, regardless of the applied power. Equation (2) presents a numerical model to estimate
YP; the details leading to the derivation of this equation can be found in the original
article [62]. Since YP is a function of the Helmholtz number, selecting the appropriate
operational frequency is fundamental to the effectiveness of FTSAW.

YP = 4
x0

2 ∑∞
n=0

{
(n + 1)

(
V′

n U′
n+1 − U′

n V′
n+1

)
x0

2 − n(n + 1)(n + 2)(VnUn+1 − UnVn+1)

+
[
n(n + 1)

(
UnV′

n+1 − VnU′
n+1

)
− (n + 1)(n + 2)(U′

nVn+1 − V′
nUn+1)

]
x0 + (n + 1)(VnUn+1 − UnVn+1)x0

2} (2)

The Helmholtz number (Equation (3)) is a dimensionless parameter that relates the
applied frequency, particle diameter, and speed of sound with the ARF.

x0,1,2 =
2π f a
c f ,l,s

(3)

where f is the frequency, c f is the fluid speed of sound, cl is the solid longitudinal speed
of sound, and cs is the solid shear speed of sound. The subindices 0, 1, and 2 refer to c f ,
cl , and cs, respectively. The theoretical strength of a TSAW can be predicted based on the
properties of the particle and the fluid.

Indeed, from the equations shown above, we can see that ARFs (or separation per-
formance) depend on multiple physical properties of the suspended particles and the
medium [48]. Therefore, determining the optimal operational frequency is essential to
achieve the best separation performance for each type of particle. This section aims to
explore the properties of microplastics and their influence on the ARF.

Given the properties shown in Table 1 and the particle sizes, we plotted the ARF as
a function of the applied frequency. Specifically, ten types of microplastics were studied:
Acrylonitrile-butadiene-styrene (ABS), Poly-DGEBA/PDA (Epoxy), Poly-hexamethylene
adipamide (Nylon), Polycarbonate (PC), polyethylene (PE), Poly-methylmethacrylate
(PMMA), polypropylene (PP), Poly-vinyl chloride (PVC), polystyrene (PS), and Polytetraflu-
oroethylene (Teflon®). The Supplementary Information provides the algorithm used for
calculating the theoretical ARF, along with further details about the theoretical modeling.
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Table 1. Material properties used to calculate the theoretical ARF [63].

Acronym Poly- Density (kg/m3) cl (m/s) cs (m/s)

ABS Acrylonitrile-butadiene-styrene 1041 2160 930
Epoxy DGEBA/PDA 1184 2890 1290
Nylon Hexamethylene adipamide 1147 2710 1120

PC Carbonate 1194 2220 909
PE Ethylene 957 2430 950

PMMA Methyl methacrylate 1191 2690 1340
PP Propylene 913 2650 1300
PS Styrene 1052 2400 1150

PVC Vinyl chloride 1386 2330 1070
Teflon® Tetrafluoroethylene 2180 1410 730

Moreover, since particle size is another critical factor determining ARF, four different
sizes were studied: 1, 3, 5, and 10 µm. As shown in Figure 2, all the particles exhibit
multiple resonant peaks. Due to the potential overlap between peak frequencies (not
necessarily the first resonance frequency), it is possible to simultaneously separate particles
of different types and sizes. For example, using an input frequency around 125 MHz allows
for the simultaneous separation of 5 and 10 µm particles made of Epoxy and PMMA, both
achieving an acoustic radiation factor (ARF) of approximately 10. This indicates that by
carefully selecting and tuning input frequencies, multiple microplastics with similar ARFs
can be effectively targeted.

The resonance frequency range is another critical factor to consider. Certain plastic
types, such as Epoxy, PMMA, and PS, exhibit wide resonance frequency ranges. For
example, 5 µm PMMA particles show a high ARF in the frequency range from 125 MHz to
150 MHz, providing a broad spectrum (25 MHz range) for effective separation of PMMA
particles. Conversely, microplastics such as ABS, PE, and Teflon® have narrow resonance
frequency ranges. For instance, 10 µm ABS particles exhibit a high ARF within a narrow
frequency range of around 50 MHz, making the selection of operational frequencies more
challenging. However, this limitation can be advantageous when the goal is to selectively
separate microplastics of a specific type and size.

3.2. Experimental Determination of ARF

Since the ARF cannot be directly measured experimentally, the average transversal
particle velocity was used to indirectly quantify the resonance peaks [48,50], as larger
FTSAW at resonant frequencies cause larger particle displacement velocities. Figure 3
compares the theoretical prediction of ARF with the experimental measurement of particle
velocity for different-sized PS particles (selected models). Additionally, we investigated
the acoustophoretic behavior of blood cells both theoretically and experimentally (also
see the Supplementary Information). The longitudinal and shear speeds of sound used
for the theoretical calculation of the ARF in red blood cells were 1510 m/s and 211 m/s,
respectively [48,56,64–67]. For white blood cells, the speeds of sound were 1506 m/s and
210 m/s [65,67]. The density values used for the calculations were 1101 kg/m3 for red
blood cells and 1054 kg/m3 for white blood cells [65].
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Figure 2. The theoretical ARFs of microplastics of different types and sizes were analyzed as a
function of the input frequency. The results suggest that the minimum frequency required to produce
a significant ARF increases as the particle size decreases for all types of microplastics studied. The
following subfigures show the ARF results for each type of microplastic: (a) ABS, (b) Epoxy, (c) Nylon,
(d) PC, (e) PE, (f) PMMA, (g) PP, (h) PVC, (i) PS, and (j) Teflon®.
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dependent particle velocity. For 5 µm PS particles, the particle velocity became noticeable 
when the input frequency reached 80 MHz, and it continued increasing until the fre-
quency reached 130 MHz. It is noteworthy that even though the theoretical ARF started 
to decrease after 110 MHz, the experimental particle velocity continued to increase, albeit 
at a slower rate. The discrepancy between the theoretical and experimental resonant fre-
quencies may be attributed to differences in the particle and fluid properties used in the-
oretical derivation and experiments. The theoretical ARF was calculated assuming the 
particles were immersed in an inviscid fluid [62,68], whereas, in experiments, both water 
and blood were used. Additionally, the theoretical model did not account for the damping 
effect caused by the PDMS channels confining the particles. As with many other mechan-
ical devices, the resonance peaks were also influenced by assembly variations and 

Figure 3. Comparison between theoretical prediction of ARF and experimental particle velocity.
(a) Comparison between theoretical ARF and particle velocity for 5 µm polystyrene particles. (b) Com-
parison between theoretical ARF and particle velocity for 10 µm PS particles. (c) Displacement of
5 µm PS particles at 95 MHz. The scale bar represents 100 µm. (d) Displacement of 5 µm PS parti-
cles at 125 MHz. The larger ARF values at 125 MHz induce greater displacements of the particles
compared to 95 MHz. The white arrow indicates the direction of the TSAW. The scale bar represents
100 µm. (e) Theoretical ARF for red and white blood cells. Blood cells were experimentally tested
at the resonant frequencies of microplastics, such as 125 MHz, where no significant displacement
was observed.

As shown in Figure 3a,b, a frequency sweep from 50 to 140 MHz, with intervals of
5 MHz, was conducted for both 5 µm and 10 µm PS particles to determine the frequency-
dependent particle velocity. For 5 µm PS particles, the particle velocity became noticeable
when the input frequency reached 80 MHz, and it continued increasing until the frequency
reached 130 MHz. It is noteworthy that even though the theoretical ARF started to decrease
after 110 MHz, the experimental particle velocity continued to increase, albeit at a slower
rate. The discrepancy between the theoretical and experimental resonant frequencies
may be attributed to differences in the particle and fluid properties used in theoretical
derivation and experiments. The theoretical ARF was calculated assuming the particles
were immersed in an inviscid fluid [62,68], whereas, in experiments, both water and blood
were used. Additionally, the theoretical model did not account for the damping effect
caused by the PDMS channels confining the particles. As with many other mechanical
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devices, the resonance peaks were also influenced by assembly variations and differences
in part stiffness, as well as fabrication defects (e.g., lift-off errors, contamination) [69,70].

Size is another important factor determining ARF; thus, 10 µm PS particles were also
used to examine the theoretical prediction of the acoustophoretic behavior of different-sized
particles. In theoretical predictions (Figure 3b), there are four theoretical peaks within the
studied frequency range (50–140 MHz). However, similar to the frequency shift observed
in studies of 5 µm PS particles, only three experimental peaks were identified at 70, 105,
and 130 MHz. It is expected that the fourth experimental peak was also shifted to a higher
frequency beyond our test range. Figure 3c,d show the displacement of 5 µm PS particles
at 95 MHz and 125 MHz, respectively. The higher ARF values at 125 MHz induced greater
displacements in the particles compared to 95 MHz. The white arrow indicates the direction
of the TSAW. The scale bar represents 100 µm.

Figure 3e presents the theoretical ARF for red and white blood cells. The results
indicate that the ARF values for blood cells are substantially lower compared to those of
microplastics except at their resonant frequencies. To effectively separate microplastics
from blood cells, it is crucial to select operational frequencies that maximize the ARF for
microplastics while minimizing any acoustophoretic effects on blood cells. By avoiding
the resonant frequencies of blood cells, we anticipate enhanced separation efficiency. For
example, targeting frequencies that induce a high ARF in microplastics, such as 90 MHz for
10 µm PS particles, while having minimal impact on blood cells, ensures that microplastics
are deflected transversely by the TSAW. This approach directs microplastics to the separa-
tion outlet, achieving effective separation from the blood cells. In the following section, we
will examine this hypothesis experimentally.

3.3. Separation of Microplastics from Blood Samples

Building on the theoretical and experimental insights from the previous sections, the
continuous separation of microplastics from blood samples was demonstrated using the
proposed microfluidic device. Specifically, 5 and 10 µm PS microplastics were used and
successfully separated from blood. The theoretical analysis suggested that frequencies
around 125 MHz would yield significant ARF values for both 5 and 10 µm PS particles while
maintaining low ARF values for blood cells, thereby enhancing the separation efficiency.
Guided by this information, experiments were conducted by sweeping the input frequency
and observing the resulting acoustophoretic effects. The observations indicated that the
acoustophoretic effect was most pronounced for the 5 and 10 µm PS microplastics while
remaining minimal for blood cells at 128 MHz (details available in the Supplementary
Information). Based on these findings, 128 MHz was selected as the optimal operational
frequency for the separation process.

The sample-to-sheath flow ratio was selected as 1:1:3 (sheath–sample), which has been
widely used in other SAW devices according to the literature [44,48,50]. The effects of flow
rate and power on separation efficiency were investigated by performing separations at
sample flow rates of 0.5, 1.0, 5.0, and 10 µL/min. The results indicated that lower flow
rates and higher power levels resulted in the best separation performances (Figure 4a,b).
Separation performance, defined as the recovery rate of microplastics (percentage of mi-
croplastics deflected toward the correct collection outlet), approached 100% at a flow rate
of 1.0 µL/min. In contrast, at 10 µL/min, the performance did not exceed 60%. All flow
rate experiments used a consistent power amplification of 50%, and the effect of power on
separation efficiency was studied at a fixed flow rate of 5 µL/min. Increasing the power
amplification from 40% to 70% improved the separation performance from 40% to nearly
100%. Lower flow rates increase the exposure time of particles to the acoustophoretic effects,
enhancing particle displacement and separation efficiency. Conversely, higher flow rates
reduce exposure time, but this can be compensated by using higher power levels. Videos
demonstrating the separation process are available in the Supplementary Information.
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The separation efficiency did not exceed 60%. The image shows a 5 µm PS particle (circled in blue)
deflected toward the incorrect outlet, a 10 µm particle (circled in red) deflected toward the correct
microplastics outlet, and blood cells (circled in green). Scale bar is 100 µm. (d) Separation at 128 MHz
and 1 µL/min. Reducing the flow rate significantly increased the separation efficiency, achieving
values close to 100%. The image shows both 5 and 10 µm PS particles (circled in red) displaced
toward the microplastic collection outlet and blood cells (circled in green). Scale bar is 100 µm.
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4. Conclusions

The ability to separate microplastic particles from blood samples in a continuous
manner was demonstrated using a TSAW microfluidic device. Theoretical values of the ARF
for 10 common types of microplastics of four different sizes were estimated, highlighting
their advantages and limitations. The ARF was experimentally determined to compare the
theoretical predictions with the actual acoustophoretic strength; displacements for both
microplastics and blood cells were observed under different frequencies to establish the
optimal operational setup. The separation of 5 and 10 µm PS microplastics from blood
samples using the same frequency (128 MHz) was successfully demonstrated. The effects
of flow rate and power were analyzed, and the trends followed expectations, with lower
flow rates and higher power providing higher separation efficiency.

Although not all plastic types and sizes can be separated simultaneously due to the
need for multiple frequencies, samples could be run repeatedly using different frequen-
cies to achieve comprehensive separation. Future applications might include the use of
acoustic pumps to continuously alternate the frequency, enabling more effective separation
processes. In addition, other methods (e.g., Raman spectroscopy, Particle Size Distribution)
could be applied to further investigate the separated samples. These additional analyses
would provide deeper insights into the characteristics and composition of the separated
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microplastics, enhancing the overall understanding of their potential health impacts. Given
the growing concerns over microplastics and their recent detection in human samples,
a device capable of separating microplastics from blood is urgently needed. The device
demonstrated its usefulness by successfully separating microplastics from blood samples.

It is also acknowledged that more advanced theoretical models could be employed to
enhance the accuracy of our predictions. The theory developed by Hasegawa and Yosioka,
while useful, is not specifically tailored for Surface Acoustic Wave (SAW) applications.
Consequently, other models that are specifically related to SAWs might provide more
accurate and precise results. Future work will consider the implementation of these ad-
vanced models to further refine our understanding of the acoustic radiation forces at play
and improve the overall performance of our microfluidic device. Additionally, the reality
is more complex, considering the diversity of microplastics collected from the environ-
ment. The separation performance depends on multiple factors, such as the plastic type
and size of microplastics, making it challenging to achieve precise separation by size or
type. Future studies should focus on addressing these issues by developing advanced
frequency modulation techniques and acoustic pump systems, which can dynamically
adjust frequencies in real time to enhance separation efficiency. Additionally, integrating
complementary separation methods, such as microfluidic sorting or optical trapping, could
provide a more comprehensive approach. By implementing frequency sweeping and care-
fully avoiding the resonant frequencies of blood cells, acoustofluidics holds great promise
as a novel and effective method for sampling and separating microplastics from blood.
This innovative approach has the potential to significantly advance our understanding of
microplastic contamination in biological systems and contribute to improved public health
and environmental protection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics3030028/s1.
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