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Abstract

Despite the growing demand for nanoscale biomolecule analysis in point-of-care (POC) applications, nanoparticle sepa-
ration remains a significant challenge. This is due to issues like high sample loss, low throughput, large-scale material
requirements, and the complexity of current technologies. Given that separation efficiency directly impacts subsequent
sample processing and analysis, there is a clear need for a robust and reliable size-based separation technique. This study
introduces a novel acoustofluidics lab-on-a-chip system designed to overcome current separation barriers. It combines
simple polymer prototyping with integrated ultrasonic agitation. The system features two key components: (1) a microflu-
idic network embedded with membrane filters of varying pore-size cut-offs, and (2) an ultrasonic transmitter that induces
acoustic agitation. Using this novel system, we successfully demonstrate the fractionation of 60 nm Au nanoparticles
from a polydisperse solution under ultrasonic waves (28—40 kHz) generated by the transducer integrated into the micro-
fluidic platform. Ultrasonic irradiation not only prevents cake formation but also reverses the fouling process through
acoustic agitation. This significantly increases the flow rate during separation and improves the recovery of target-size
nanoparticles. This microfluidic platform holds great potential as a powerful tool for sample preparation and analytical
methodologies in POC applications.

Keywords Acoustofluidics - Nanoparticle separation - Point-of-care (POC) application - Lab on a chip (LOC) system -
Ultrasonic irradiation - Acoustic agitation.

1 Introduction

With the growth in microfluidic technologies in the
COVID-19 era, a substantial advance in the Lab-on-a-Chip
(LOC) system has been presented, enabling miniaturization
and integration of complex functions routinely performed
by hand in the traditional analytical processes [1—3]. One
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of the most active applications of the LOC is observed in
biomedical research with Point-of-care (POC) diagnostic
devices. The POC diagnostic system can rapidly deliver
diagnostic outcomes to patients, providing the users with
many benefits over the traditional diagnostic methods, such
as a straightforward and easy-to-use interface, portability,
less sample and reagent consumption, etc [4].

In biomedical research, size-based particle separation
plays a significant role in the sample preparation process
and the detection of target species [5, 6]. As the size of ana-
lytes in biological research ranges from angstrom to milli-
meter scale, the separation mechanism of choice depends on
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their dimensions. During the past decade, many size-based
separation techniques have been established for biomedi-
cal applications [6, 7]. Enormous progress has been made,
and size-based separation technologies are moving towards
miniaturized platforms to meet the requirements for point-
of-care testing. Many detection techniques require isolat-
ing target species of interest from solutions during sample
preparation to provide unbiased and accurate insights into
the biological process or phenomena. Since the dimension
of biological structures ranges from angstrom to millimeter
scale, the separation method varies depending on the target
size due to the growing need for robust and reproducible
size-based particle separation techniques. Especially, sig-
nificant efforts have been put into developing a miniatur-
ized size-selective particle sorting method for point-of-care
applications such as LOC particle sorters [8—10]. However,
the LOC-based separation techniques are limited to the sub-
micron scale (such as cells, viruses, and bacteria), which
results in significant sample loss, diagnostics misinterpreta-
tion, and poor detection limit [11-14]. Developing robust
and reliable size-based particle separation techniques is
emerging as an essential prerequisite for nanoscale mea-
surement to obtain insights into the various biological sys-
tems on a nanometer scale.

For nanoscale biomolecule sorting, biomedical research
has carried out several size-dependent nanoparticle separa-
tion techniques such as technology based on external fields
application, physical sieving, and size-selective precipita-
tion. Unfortunately, commonly used current technologies
for NP separation were still not sufficiently efficient in
selectively sorting particles based on their size or molecular
weight for proper POC use due to their complex hands-on
processes and incompatibility with downstream analytical
devices. A miniaturized, compact, cost-effective platform
for size-based separation is more favorable than one in
centralized laboratories to eliminate the need for bulky and
sophisticated instruments and extensive input material and
minimize the complexity of the device’s operation.

For nanoscale biomolecule separation, several size-
dependent nanoparticle separation techniques have been
employed. Based on the separation mechanism, these tech-
niques fall into three categories: the use of external fields
(centrifugal [15-17], electrical [18-20] and magnetic [21,
22]), physical barriers for sieving [23], and size-dependent
precipitation [24]. One of the most widely used methods
based on the application of external fields is field flow frac-
tionation (FFF). FFF is a particle separation technique that
takes advantage of the field exerted on a solution flowing
through a channel. The field is perpendicular to the fluid
flow, which results in the separation of particles suspended
in the carrier solution due to the difference in travel-
ling speed depending on their size and molecular weight.
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Despite its variations and versatility, it has not been widely
used as a size based nanoparticle separation method due to
its low throughput and extensive input material required.
Alternatively, a size-dependent precipitation method has
been devised. Size-dependent precipitation occurs when the
stability, physical or chemical properties change depend-
ing on the surface chemistry of the nanoparticles. Sieving
is another alternative for the size-selective fractionation
of nanoparticles. Chromatography and membrane filtra-
tion employs physical barriers such as a column or physi-
cal hole to control elution and retention depending on the
size of particles. Unfortunately, these traditional size-based
nanoparticle separation techniques result in huge sample
loss, therefore, large input material is required. In addition,
bulky instrumentation is involved in generating external
field during the separation process. Due to the complexity
of these technologies, there has been increasing demand for
the development of miniaturized and compact platform for
size-based separation, which can be used as a cost-effective
preparative method in point of care application.

There have been many microfluidic approaches to bring
the size-selective nanoparticle separation into miniaturized
platforms. One of the most common separation mechanisms
utilized in the microfluidic platform is membrane-based
filtration because of its high resolution and straightfor-
ward procedure [25-28]. Gaborski et al. [23] demonstrated
nanoparticle fractionation using porous nanocrystalline sili-
con membranes with resolution as high as 5 nm, potentially
applicable to Lab-on-a-Chip system for dead-end filtra-
tion. However, membrane filtration typically suffers from
low efficiency associated with clogging and formation of
cake layer near membrane filter [29], leading to low flow
rate, sample loss, and high fluid resistance [30]. Also, the
fabrication of nanopores involves a complicated and time-
consuming micro-fabrication process due to nanoscale
particle separation. To circumvent this limitation, “filter-
free” microfluidic separation techniques have been devel-
oped. Microfluidic approaches based on electrophoresis,
field-flow fractionation (FFF) [31, 32] and centrifugation
[15-17] have been devised and implemented for size-based
nanoparticle separation and fractionation. However, these
techniques still rely on external fields which usually need
the bulky instrument to manipulate particle motion.

Furthermore, most passive separation techniques neces-
sitate expensive microfabrication. For point-of-care appli-
cations, a lab-on-chip system is required that can be realized
through a simple fabrication process, offers a user-friendly
interface for easy sample handling, and yet achieves high
resolution with minimal sample loss [33-35]. For these rea-
sons, the lack of reliable size-selective nanoparticle separa-
tion is a bottleneck in analyses of nanoscale biomolecules
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such as ribosome profiling, which requires size-selective
separation of monosomes from polysome molecules [36].

Acoustofluidics can be effectively employed in mem-
brane filtration, offering straightforward processing with
high resolution and several advantages over filter-free alter-
natives. When acoustic signals, such as pure tone waves,
interact with materials, they often produce fascinating pat-
terns, phenomena, or results. In 1787, Chladni famously
visualized sound frequencies or vibrations using sand
sprinkled on glass plates, creating what are now known as
Chladni figures [37]. Since then, acoustic waves have been
integrated into various fields to achieve contactless pro-
cesses across scales, from macroscale to microscale.

When acoustic waves are employed to manipulate fluids
or particles at the micro- and nanoscale, the field is known
as acoustofluidics. Its applications are vast, spanning from
fundamental physics to advanced engineering [38, 39].
While it is unclear who first coined the term “acoustofluid-
ics,” it appears to have emerged from collaborative research
efforts in the mid-2000s, led by Dr. Huang [40, 41]. Many
studies have explored how acoustofluidics can enhance
membrane filtration, particularly through ultrasonic treat-
ment of membrane filters. However, most of this research
has focused on bulk processing for industrial applications,
such as wastewater treatment, food processing, and ultra-
pure water production [42, 43]. These typically involve
ultrasonic baths, which, while effective, require high energy
consumption and large quantities of input material, making
them less suitable for biological applications where input
material may be limited. To achieve simple and rapid size-
selective nanoparticle separation for point-of-care (POC)
applications, we have developed an acoustofluidics lab-on-
a-chip (LOC) system that incorporates commercially avail-
able track-etched membrane filters with varying pore-size
cut-offs, enabling effective dead-end filtration. We pro-
cessed samples containing polydisperse nanoparticles on
this microfluidic platform, which is equipped with embed-
ded membrane filters. However, dead-end filtration often
faces challenges such as clogging and membrane fouling
due to the formation of a cake layer near the membrane sur-
face, resulting in reduced flow rates and potential membrane
and sample loss. To address this, we integrated ultrasonic
transmitters with the membrane filtration system, enabling
online ultrasonic treatment. This ultrasonic-assisted mem-
brane filtration was adapted to fit within a miniaturized
microfluidic platform. The functionality of this novel LOC
technology was validated through the successful size-based
separation of gold and polymer nanoparticles. The follow-
ing chapters detail our system design methods, followed by
results and discussion.

2 Experiment

2.1 Basic Principles of dead-end Membrane
Filtration

In dead-end membrane filtration, the input fluid flow, known
as the “feed” solution, is typically directed perpendicular
to the membrane surface. Driven by pressure within the
filtration system, a portion of this fluid passes through the
membrane pores, becoming the “filtrate” or “permeate.”
Meanwhile, another portion of the fluid remains on the
membrane surface, referred to as the “retentate.” To evalu-
ate the performance of membrane-based filtration, the per-
meate and retentate are collected separately and analyzed
using various methods. When the target nanoparticles are
metals such as gold or silver, absorbance measurement is
one effective way to quantify filtration performance. For
small gold nanoparticles (~30 nm), the surface plasmon
resonance effect causes an absorption maximum at a wave-
length of 526 nm. For larger gold nanoparticles (~60 nm),
the absorption maximum shifts to 540 nm. By measuring the
absorbance of the collected filtrate and retentate samples,
the proportion of target-size nanoparticles in each sample
can be determined. These absorbance measurements then
provide a basis for assessing the performance of the dead-
end membrane filtration system.

2.2 Working Principle of ultrasonic-assisted
Nanoparticle Separation

The working principle of ultrasonic-assisted nanoparticle
separation on a microfluidic device is illustrated in Fig. 1.
The separation mechanism relies on a straightforward dead-
end filtration process. The microfluidic system designed for
size-based nanoparticle separation consists of a microfluidic
device integrated with track-etched polycarbonate mem-
brane filters, which have sharp pore size cut-offs, and an
ultrasonic transducer. To isolate monodisperse nanoparticles
from a mixture, membrane filters with pore sizes slightly
larger and smaller than the target particle size are employed.

As depicted in Fig. 1, target particles (shown in green)
pass through the membrane with a larger cut-off value,
while larger particles are retained on the membrane surface.
A second membrane with a smaller cut-off is then used to
capture the target particles, allowing for their purification
before collection. Impurities and particles smaller than
the target size flow through the second membrane and are
directed to the waste reservoir.

One of the critical limitations in dead-end filtration is
sample loss and decrease in permeability during the sepa-
ration process due to particle adsorption on the membrane
surface and the formation of a cake layer near the surface.
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Fig. 1 Schematic of a microfluidic platform for nanoparticle separation
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Fig. 2 Effect of ultrasonic treatment during NP separation

An ultrasonic wave was exploited to detach fouled particles
on the surface and enhance the target recovery of particles.
(Fig. 2) The transducer was located near the membranes for
efficient ultrasound irradiation to minimize the attenuation
as the wave propagates through the material. And the cham-
ber was designed to fit the active area of the transducer to
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maximize the coverage of ultrasound irradiation. Negative
pressure was applied through the outlet to prevent leakage at
the interface of the PDMS layer and the membranes.

2.3 Chip Design and Fabrication

The microfluidic nanoparticle separation device prototype
was designed using AutoCAD software and constructed by
a standard soft lithography process. The device consists of
two circular reservoirs connected by a microfluidic network
to filtrate nanoparticles, as illustrated in Fig. 3. The micro-
fluidic network patterned onto the bottom layer, which con-
nects the two reservoirs. The side channels connected to the
reservoir for sample collection are patterned onto the mid-
dle layer. And the top layer serves as a top cover to form a
closed microfluidic network while the left reservoir remains
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Fig. 3 Fabrication of microfluidic nanoparticle separation device. (a)
Each PDMS layer was patterned by standard soft lithographic tech-
nique. Using an uncured PDMS prepolymer, membrane filters were
embedded in the interface between the bottom and middle layers.

open for sample loading. The right reservoir has microflu-
idic barrier structures to guide the fluid flow uniformly to
cover the entire surface of the membrane, and it enables the
even distribution of the particles to infiltrate the membrane
surface.

The left reservoir serves as a sample loading well where a
mixture of nanoparticles was loaded. The membrane filters
with different pore sizes were integrated with three PDMS
layers in the NP separation process. First, the structures of
each PDMS layer were patterned onto a transparency mask
and supplied by Fineline Imaging (Colorado Springs, CO)
at 32,000 dpi resolution. To fabricate a master mold, SU-8
2025 was spun onto a silicon substrate using a spin coater at
2000 rpm for 30 s to achieve a uniform thickness of 40 pm.
Then the master went through a soft bake process to evapo-
rate solvent at 65 °C for 2 min and 95 °C for 5 min followed
by UV exposure (200 m.J/cm?) for 30 s. For Post-exposure
bake (PEB), the master was cured at 65 min for 1 min and
95 min 3 min. Then the pattern was developed by immersing

~1~ Membrane filters

(b)

The left reservoir served as a sample loading well. (b) A microflu-
idic nanoparticle separation device with a sample loaded in a sample
reservoir

the master in the developer solution for 5 min and rinsing
with Deionized water and isopropyl alcohol.

Excess water must be removed in a spin dryer. After the
patterning process, the SU-8 mold was modified with tri-
methylchlorosilane (Sigma-Aldrich, USA) under vacuum.
Next, the PDMS layers were fabricated by standard soft
lithographic techniques. Briefly, PDMS was mixed with a
curing agent at a ratio of 10:1, and it poured onto the SU-8
master mold to form a replica of the device. Degassing was
performed to remove entrapped bubbles from the layer.
Then the layer was baked in a convection oven at 65 °C for
an hour for curing and peeled off from the master mold. Two
reservoir regions were punched with biopsy punches, and
holes at the inlet and outlet were punched for fluidic access.

Membrane filters were cut using the laser cutting process
into the desired size. Pore sizes of membrane filters varied
depending on the target nanoparticle size. Uncured elasto-
mer/curing agent mixture was applied along the reservoir’s
edge to integrate the membrane filter on the PDMS bottom
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layer. Then the membrane was aligned, placed at the center
of the reservoir, and pressed gently with a round tip twee-
zer to absorb the uncured mixture into the filter layer. The
bottom layer and membrane filter were cured in an oven at
65 °C for at least 30 min. Three PDMS layers were oxygen
plasma treated to activate the surface, aligned and brought
into contact with each other to form a microfluidic platform.
Tygon tubings were inserted into through holes at inlets and
outlet regions. After integration and assembly, no significant
leak was observed during operation. SU-8 master mold can
be reused after washing with IPA and deionized water. The
microfluidic device was coupled with ultrasonic transduc-
ers by using silicone at the interface of the transducer and

PDMS layer to minimize the energy loss and attenuation
during operation.

2.4 Ultrasonic Assisted Nanoparticle Separation on
a Microfluidic Device

The overall experiment set up is shown in Fig. 4 (a), a40 kHz
square wave was developed by a function generator and 50
times amplified through a high voltage amplifier (WMA-300,
Falco systems) and used to excite the ultrasonic transducer.
Before separation, the microfluidic network was rinsed with
0.1% Poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (Pluronic F108)(Sigma-
Aldrich) solution to remove residual impurities and treat

(a) Samplc; A - ‘
pra— Waste,
= s Negative pressure
... | |Function
Amplifier
40kHz, P generator
Square wave
Experimental setup

(b)

PDMS

(Cut-off )

Membrane
(Cut-off 2)

Fig.4 Microfluidic device for on-chip nanoparticle separation consists
of three PDMS layers. (a) Over all experimental setup (b) Membrane
filters with different cut-off sizes (Cut-off 1 and Cut-off 2) were sand-
wiched between the bottom and middle layers for two different sizes
nanoparticle separation. Particles larger than the cut-off of the first
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Microfluidic system for particle separation
(Cross-sectional view)

membrane remain in the sample loading reservoir, and the rest can
penetrate the membrane. Particles and buffer solution can go through
the second membrane with a smaller cut-off (Cut-off 1), while the tar-
get size particle (Cut-off 2) stay in the chamber region between those
two membrane filters
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the fluidic PDMS surface, thereby preventing adsorption
of nanoparticle on the membrane surface or fluidic chan-
nel wall and formation of fouling on the membrane surface.
Gold nanoparticles (Nanocs, NY, USA) with a varied diam-
eter (15, 30, 50, 80, 100, 200, 400, 600 nm) were used to
demonstrate ultrasonic-assisted nanoparticle separation on
microfluidic devices. In the case of 60 nm/100 nm mixture,
10 ul of the stock solution of 60 and 100 nm (1.9 x 10%/
mLand 3.8 x 10°/mL respectively) Au nanoparticles in 0.1
mM PBS were added into 1 x PBS, and the final volume
was brought up to 100 pl. The mixture was loaded into a
sample reservoir of an assembled microfluidic device with a
membrane filter for separation. (Fig. 4 (b)) The mixture was
driven into the microfluidic device by the negative pressure
generated by the syringe pump operating on “withdraw”
mode. Flow velocity was set to 0.1 mL/h. The microfluidic
device was irradiated with ultrasonic waves generated by
the ultrasonic transducer during the separation. During the
separation process, other inlets and outlets were closed than
the waste port. Before collecting target particles, 0.1% Plu-
ronic F108 solution was injected at 0.1 mL/h for 10 min as a
washing buffer. Backwashing with the ultrasonic wave was
performed to retrieve 60 nm gold nanoparticle (target) from
the chamber region between two membrane filters. 60 nm
gold nanoparticles (Au NP) were collected in either 0.1%
F108 solution or PBS for downstream analysis. The reten-
tate settled on the first membrane was collected by pipetting
up and down several times for measurement.

2.5 Characterization of Populations of
Nanoparticles

UV-Vis spectroscopy was used to characterize the popula-
tions of nanoparticles before and after the filtration process
by quantifying the absorption intensity of each solution.
Populations of nanoparticles were characterized by measur-
ing peak absorbance and intensity wavelengths on a multi-
mode plate reader (Perkin Elmer). The wavelengths of peak
absorbance depend on the sizes of gold nanoparticles. Typi-
cally, peak absorbance occurs within 564—574 nm and 538—
544 nm for 100 nm and 60 nm Au NP. Samples (Filtrates,
retentates) collected from the microfluidic device after sep-
aration were analyzed within the 400—700 nm wavelength
range, and the results were compared with that of the stock
solution. Based on concentration and volume loaded, the
recovery rate and sample loss were calculated.

To validate the filtration efficiency fluorescence image
was obtained using a fluorescent microscope. 350 and
450 nm fluorescently labelled polystyrene nanoparticles
were filtered on a microfluidic device incorporated with a
400 nm pore membrane filter to visualize NP adsorbed onto
the membrane surface. The membrane was taken out of the

device and investigated under a microscope. The 450 nm
particles settled onto the membrane were considered sample
loss, and the number of particles was counted automatically
using Image J software.

In addition, particle size distribution was also determined
by dynamic light scattering (DLS) using isolated filtrate and
retentate prepared in 0.1% F108 solution. The distribution
data were acquired and compared with the distribution data
of each stock solution. All experiments were carried out at
least 3 times.

3 Results and Discussion

3.1 Characterization of Microfluidic size-based NP
Separation with Ultrasonic Irradiation

The efficiency of nanoparticle filtration using the microflu-
idic system with ultrasonic irradiation was evaluated with
monodisperse 60 nm gold nanoparticles and a single track-
etched polycarbonate membrane filter with an 80 nm pore
size cut-off (Fig. 5). Twenty microliters of the gold nanopar-
ticle stock solution were diluted with 80 puL of 0.1% F108
solution and placed into the loading reservoir. Filtration was
performed both with and without ultrasonic irradiation to
assess the efficiency of ultrasonic treatment. The results
were analyzed using UV-Vis spectroscopy. To achieve a
monodisperse target size, it is essential to maximize the
recovery rate while ensuring that no detectable particles
remain in the retentate solution. Recovery rates and losses
were calculated by normalizing the absorbance profile of
the feed solution. Without ultrasonic irradiation, significant
sample loss was observed, likely due to particle adsorption
onto the membrane surface during the process. The peak
absorbance of the filtrate showed that only 21% of the input
was recovered, resulting in a prolonged recovery rate. The
peak absorbance of the retentate suggested that 17.9% of the
input could not penetrate the membrane and was retrieved
manually.

In contrast, with ultrasonic irradiation, a significant
enhancement in the recovery rate was observed. The absor-
bance of the retentate solution was negligible, indicating
that very few 60 nm particles remained in the solution. The
recovery rate achieved with ultrasonic treatment was 70.6%,
which is 3.9 times higher than without ultrasonic treatment.

3.2 Effect of Surface Treatment

In our initial attempt to determine the filtration efficiency of
the microfluidic device, we found that efficiency is highly
dependent on the membrane surface condition. When the
sample volume passed through the membrane and the
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Fig. 5 60 nm Au NP filtration using membrane filter with 80 nm pore
size cut-off embedded in the microfluidic size-based particle separation
device. (a) The absorbance was measured using the feed, filtrate, and
retentate sample collected after filtration without ultrasonic irradiation.

surface began to dry, the gold nanoparticles (Au NPs) that
had settled on the membrane became compacted. This com-
paction, along with the formation of a cake layer by foulants,
made it difficult to re-suspend the particles for downstream
analysis, even with vigorous pipetting. To maximize effi-
ciency and recovery, it is crucial to keep the membrane sur-
face wet during and after filtration. This phenomenon was
demonstrated using monodisperse fluorescently labeled
polystyrene (PS) nanoparticles, which were visualized with
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(w/o US) (b) The absorbance results were compared to the case with
ultrasonic irradiation (w/US). (¢) In the presence of ultrasonic irradia-
tion, 70.6% of input 60 nm particles were successfully collected, while
21% of input particles were collected without ultrasonic treatment

a fluorescent microscope. The nanoparticles had a hydraulic
diameter of 450 nm, while the membrane filter used for fil-
tration had a pore size cut-off of 400 nm.

Figure 6 compares the removal rates between condi-
tions with and without ultrasonic treatment, on both wet
and dry surfaces. Figure 6(a) shows the 450 nm particles
on the 400 nm filter surface after 100 pl of the sample had
passed through. Under wet surface conditions (Fig. 6(b)-
(c)), the effectiveness of ultrasonic cleaning was examined.



International Journal of Precision Engineering and Manufacturing-Green Technology

Removal rate

Fig.6 Comparison of particle removal rate under different surface con-
ditions (wet/dry). (a). 450 nm particles on a 400 nm filter after filtra-
tion. (b) and (¢). Under wet conditions, most particles were removed
with backflushing or ultrasonic cleaning, with no detectable particles
remaining after ultrasonic treatment. (d) and (e). In dry conditions,
significant fouling occurred

The results showed that most input particles were success-
fully removed from the filter surface through backflushing
or pipetting. Without ultrasonic treatment, the loss was 5%,
whereas no detectable nanoparticles remained on the surface
after ultrasonic cleaning. This suggests that nanoparticles
larger than the membrane’s pore size tend to stay in suspen-
sion under wet conditions, and the cake layer formed during
filtration is easier to remove with ultrasonic irradiation.

In contrast, when the membrane surface was allowed to
dry, severe fouling was observed, indicating the irrevers-
ible formation of a cake layer with foulants (Fig. 6(d)-(¢)).
While ultrasonic irradiation improved the removal rate, sig-
nificant losses were still detected. Specifically, 65% of input
particles were removed without ultrasonic cleaning, com-
pared to 70% with ultrasonic cleaning. This suggests that
approximately 30% of nanoparticles larger than the pore
size were likely adsorbed onto the membrane surface irre-
versibly under dry conditions. Therefore, keeping the mem-
brane filter surface wet during and after filtration is essential
for effective recovery of target particles, and ultrasonic
cleaning further enhances particle removal from the surface.

To evaluate the effectiveness of the microfluidic device
in sorting nanoparticles by size, we performed filtration of
a 100 nm and 400 nm nanoparticle mixture and analyzed
the particle size distribution using dynamic light scattering
(DLS) (Fig. 7). The device was loaded with a mix of poly-
styrene particles of two different sizes and pressurized to
facilitate size-based filtration. For the separation of 100 nm
and 400 nm particles, we used 80 nm and 200 nm track-
etched membrane filters. The filtrate was collected from

the reservoir using backflushing combined with ultrasonic
treatment.

Figure 7 illustrates the size distribution profiles of the
original 100 nm and 400 nm stock solutions, the filtrate, and
the mixture. Before filtration, we assessed the size distribu-
tion of the polydisperse mixture. The filtrate exhibited a size
distribution profile similar to that of the original 100 nm
stock solution, with no significant shift in peak wavelength
or spectrum broadening. We compared the size distribution
profile obtained from light scattering with the size estimated
from absorbance spectra. The peak absorbance of the filtrate
was approximately 70% of the stock solution’s absorbance,
with only slight variation in peak wavelength, indicating
effective size discrimination and a high recovery rate.

3.3 Effect of Orientation of the Ultrasonic
Treatment

We investigated the impact of ultrasonic transmitter orienta-
tion on the performance of the device in particle fraction-
ation and recovery rate using 60 nm gold nanoparticles (Au
NPs). The fractionation was performed with track-etched
membrane filters featuring an 80 nm pore size cut-off. We
tested the effect of the ultrasonic transmitter’s orientation
by positioning it either at the feed side or the permeate side
of the device. As shown in Fig. 8, we investigated the effect
of ultrasonic treatment orientation on the recovery rate. A
40 kHz, 40Vp-p ultrasonic wave was generated and focused
on the membrane filters from either the permeate (clean
fluid) side or the feed (sample fluid) side. Figure 8(a) illus-
trates the layout of the microfluidic particle filtration sys-
tem with the embedded ultrasonic transmitter. The output
voltage from the amplifier was set to 40 Vp-p. To assess
the ultrasonic-assisted filtration performance, 50 pl of
60 nm Au NP stock solution was mixed with 50 pl of 0.1%
F108 surfactant solution. Filtration was initiated by intro-
ducing 100 pl of this sample into the device. To maximize
recovery, after the initial sample passed through, 100 pl of
0.1% F108 was reintroduced to collect residual particles in
the collection reservoir. Following filtration, the collected
samples were analyzed using a UV-Vis spectrophotometer,
scanning the absorbance spectra in the 350-700 nm wave-
length range. The results showed that the sample filtered
with the ultrasonic transmitter positioned at the feed side
achieved a higher recovery rate of 57% for the 60 nm Au
NPs (Fig. 8(b)). In contrast, ultrasound irradiation at the
permeate side resulted in a recovery rate of 48% from the
same input sample.

In addition, the volumetric flow rate was monitored every
30 s up to 20 min using each transmitter configuration under
the same pressure and input concentration condition. (Fig. 9)
As aresult, a similar trend was also seen in volumetric flow
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Fig. 7 Fractionation of 100 nm polystyrene NP from polydisperse mixture solution by using ultrasonic-assisted microfluidic particle sorting

rate results. The higher volumetric flow rate was achieved
when ultrasound was irradiated onto the membrane surface
from the feed side of the membrane. A significant decrease
in flow rate occurred after 5 min filtration when ultrasound
was irradiated from the permeate side of the membrane,
indicating critical fouling of the membrane. Despite the
decrease in the flow rate of ultrasound irradiation from the
feed side, the flow rate stabilized after the initial 10 min
separation process. On the other hand, flow rate consistently
decreased in ultrasonic irradiation from the permeate side,
showing a similar trend as with no ultrasonic treatment. The
flow rate was double with ultrasonic irradiation compared to
no ultrasonic treatment when the ultrasonic propagated from
the feed side. According to the flow rate results, we assumed
that the orientation of the ultrasonic transmitter affected the
effectiveness of the ultrasonic treatment in preventing the
formation of cake layer and fouling of membrane as well as
recovery of the target particle.

@ Springer KEF] E

4 Conclusions

The acustofluidics lab-on-a-chip (LOC) system for size-
based nanoparticle separation using dead-end membrane
filtration has demonstrated a remarkable leap in perfor-
mance through ultrasonic agitation. Unlike conventional
ultrasonic-assisted filtration methods, which often rely on
complex macroscale systems, our approach integrates an
ultrasonic transducer directly into a microfluidic setup,
facilitating efficient nanoscale particle separation. With this
innovative method, we successfully fractionated 60 nm gold
nanoparticles from a mixed solution of 60 nm and 100 nm
particles, using ultrasonic waves in the 28—40 kHz range.
The system’s agitation prevents cake layer formation and
fouling on the membrane surface, significantly enhancing
separation efficiency. Remarkably, the process, which takes
approximately 10 min, achieved a 70% recovery rate for
gold nanoparticles—an impressive improvement over non-
ultrasonic methods.

While this study successfully demonstrates the promise
of our acoustofluidics platform for nanoparticle separa-
tion, we acknowledge certain limitations and identify clear
avenues for future work. Our current findings, particularly
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Fig.8 Effect of the orientation of ultrasonic treatment on recovery rate.
(a) Layouts of the microfluidic systems for particle filtration for ultra-
sonic treatment from the membrane filters’ permeate side (left) and the
feed side (right). The distance between the transducer and membrane
remains 300 um for the experiment. (b) Absorbance spectra of 60 nm

the 70% recovery rate, are primarily based on 60 nm Au
nanoparticles. Future research will focus on clarifying the
scalability of these recovery rates to a broader range of bio-
logical targets, such as monosomes, and further optimiz-
ing the system to minimize sample loss. Additionally, to
solidify the platform’s advantages for point-of-care (POC)
applications, future efforts will include rigorous compara-
tive studies with existing separation techniques and valida-
tion experiments within complex biological matrices. These
advancements will be crucial for fully realizing its potential
in real-world POC settings.

This novel microfluidic LOC system offers substantial
advantages over traditional size-based techniques, includ-
ing: (1) Simplified fabrication with commercially available

B e
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Au NP collected in the filtrate solution by ultrasonic treatment from
the permeate side (left) and feed side (right) of the membrane filters
were compared with the absorbance using an original stock solution
of 60 nm Au NP

track-etched membranes, bypassing the need for complex
microstructure fabrication; (2) Streamlined sample handling
through automation; (3) High recovery rates, exemplified by
the 70% recovery of 60 nm gold nanoparticles; (4) Elimina-
tion of additional chemical pretreatments thanks to mem-
brane filtration; (5) Rapid and straightforward processing;
and (6) Minimal sample dilution.

As this technology is still in its developmental phase,
further system-level validation is needed for real-world
applications. The next step involves testing the system for
size-selective separation in biological samples, such as
monosomes (~30 nm), to evaluate its potential for research
and clinical use, particularly in ribosome profiling.
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Fig.9 Volumetric flow rate of
sample filtered using microfluidic
particle separation system as a
function of filtration time
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