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The separation of nanoscale particles based on their differences in size is an essential technique to
the nanoscience and nanotechnology community. Here, nanoparticles are successfully separated in
a continuous flow by using tilted-angle standing surface acoustic waves. The acoustic field
deflects nanoparticles based on volume, and the fractionation of nanoparticles is optimized by
tuning the cutoff parameters. The continuous separation of nanoparticlesis demonstrated with a
~90% recovery rate. The acoustic nanoparticle separation method is versatile, non-invasive, and
simple.

1. Introduction

Nanoparticles are central to numerous applications in nanotechnology,!*-2! including cancer
diagnosis and therapy,[3-9] targeted drug delivery,[10-12] sensing and detection,[13-15] in vivo
imaging,[18] molecular engineering,[17.18] catalysis,[19-21] photonics,[22:23] and battery.[24.25]
Researchers have shown that the functions and toxicities of nanoparticles are often size-
dependent.[26-36] Although significant work has been conducted on the synthesis of various
nanoparticles, the broad size distributions of synthesized nanoparticles make them less
effective in applications which demand a specific size of nanoparticles.[37-40]

In the past two decades, several nanoparticle separation techniques have been developed.
Each technique has its advantages and disadvantages. Density gradient centrifugation allows
for postsynthesis purification.[4142] However, with nanoscale objects, the gravitational
energy is of the same order as the thermal energy, and the centrifugation parameters are
highly stringent, thus the gradient medium must be created very carefully. Furthermore, the
centrifugation-based separation is time-consuming; it takes several hours to several days for
one batch. Another nanoparticle separation method is chromatography, which separates
nanoparticles with distinct sizes through elution.[4344] This process is effective, but due to
its low throughput, it is mainly used as an analytic tool. Filtration can also be used for the
purification of nanoparticles,[45-49 but the blocking and adhesion of nanoparticles on the
membrane surface and pore walls limits the lifetime of the filtration device and reduces the
yield. In addition to these aforementioned methods, there are also a multitude of
nanoparticle separation methods that rely on electromagnetic mechanisms, such as
electrophoresis, 50521 dielectrophoresis,[3:>4 and magnetic manipulation.[5®! These
methods have a high accuracy, but depend on the charge or magnetic properties rather than
size of the nanoparticles for proper separation.

Opposing the above-mentioned, batch-based methods, continuous field flow fractionation
(FFF) based methods allow for convenient automation and integration with other on-chip
units. Very often it also has better separation throughput.[56-58] For example, Narayanan et
al. developed an electric field-induced flow fraction device, which separated 108 and 220 nm
amino-coated particles.[56] Jiang et al. reported continuous separation of magnetic
nanoparticles into two fractions at a cutoff diameter of 660 nm using a magnetic separation
method.[>7] However, similar to the previously mentioned, electromagnet-based methods,
electric or magnetic field-based FFF is limited to specific nanoparticles since it requires a
difference in either charge or magnetic properties of nanoparticles.
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Recently, acoustic-based particle separation has drawn significant attention because it is
cost-effective, label-free, and noncontact.[5%-631 Thus far most acoustic-based particle
manipulation methods are limited to particles in the micrometer scale.[59-681 |n this work,
we present acoustic-based nanoparticle separation in a continuous flow. Our approach adopts
a tilted-angle standing surface acoustic wave (taSSAW) configuration,91 which previously
was used to separate circulating tumor cells and other microscale objects. The taSSAW
configuration allows the separation distance to be several times larger than the wavelength of
acoustic waves and thus significantly improves the performance of acoustic separation.
Through optimizing the input frequency, transducer design, and channel configuration, we
have achieved acoustic separation of 500 nm polystyrene particles from 240 nm particles.
This acoustic-based nanoparticle separation is simple, versatile, and sensitive. Furthermore,
it is label-free and noninvasive, so it is particularly suitable for many applications in biology
and medicine, such as the isolation of extracellular vesicles and enzyme aggregates.

2. Results and Discussions

2.1. Mechanism of Acoustic Based Nanoparticle Separation

Two tilted-angle interdigital transducers (IDTs) deposited on a LiNbOs3 substrate generate
identical, opposing, surface acoustic waves (SAWSs). Due to the interference between the two
travelling SAWSs, taSSAW is created and a periodic distribution of wave nodes and antinodes
that are tilted with respect to the direction of flow in the channel is created. The angle
between IDTs and the microfluidic channel is 15°. The standing waves cause periodic
pressure fluctuations in the liquid within the microchannel. These fluctuations generate an
acoustic radiation force (/) that pushes particles toward the pressure nodes:

V. B
Fi=— <M> &(B, p)sin(2kz)

_9pp —2p¢ _ &
o8, p)= 200t Br ()

In Equation (1), oo, Vo, A, & X, pp, pr, Bp, @nd B are acoustic pressure, volume of the
particle, wavelength, wave number, distance from a pressure node, density of the particle,
density of the fluid, compressibility of the particle, and compressibility of the fluid,
respectively. Equation (2) is the expression for the acoustic contrast factor ¢, which
determines whether the particle moves toward pressure nodes or antinodes in the SSAW
field: the particle will move toward pressure nodes when ¢ > 0 and pressure antinodes when
# < 0. The particle motion is impeded by the Stokes drag force (/)

Fa=—6mnRy (up —ur) (3)
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where 7, Ry, tp, and ¢ are the viscosity of the fluid, radius of the particle, velocity of the
particle, and velocity of the fluid, respectively. When particles flow through the acoustic
field, they are deflected by the acoustic radiation force, which causes the particle stream to
translate toward the tilted direction (as shown in Figure 1).

According to Equation (1), the higher frequency SAW will generate a larger radiation force.
In order to deflect particles with diameters smaller than 1 um, we decrease the wavelength of
the SAWSs to 120 um, which corresponds to a resonance frequency of 33.13 MHz.
Additionally, a unidirectional IDT pattern is used to further increase the acoustic pressure
within the active region. The detailed design of the unidirectional IDT is shown in Figure S1
in the Supporting Information.

Figure 2A shows a simulated particle tracing within the taSSAW field. The 100 and 500 nm
polystyrene particles enter the channel at the same initial position and the same velocity in
the lateral direction. Within the channel, pressure nodes and antinodes are established at an
angle to the fluid flow direction (Figure 2B). Particles flowing through the acoustic field will
move across multiple pairs of pressure nodes and antinodes, subject to the acoustic force and
the Stokes drag force. Each pair of pressure node and antinode induces slightly different
lateral trajectories for the two sizes of particles. By moving through the repeated acoustic
field, the differences in lateral trajectory are amplified, translating the particles up to tens of
times the acoustic wavelength. Figure 2C shows streams of 500 nm polystyrene particles
when the acoustic field is activated. The periodic deflection of 500 nm particles matches
with simulation in Figure 2A. The acoustic field induced by taSSAW generates a much
larger deflection for the 500 nm particles. The motion of the 100 nm particles is dominated
by the Stokes drag force, and the acoustic radiation force is insufficient to move them
significantly in the lateral direction. Equation (1) provides the theoretical framework for this
increase in radiative force (and subsequent motion) due to the linear relationship between
volume and net force. Figure S2 in the Supporting Information shows the trajectories of
particles with different size when subjected to the same amplitude of acoustic energy
density. The difference in the lateral displacement of particles with different volumes
enables size-based separation.

2.2. Deflection of Particles by Acoustic Field

Our method fractionates sub-micrometer particles by varying the deflection of particles of
different sizes. With a constant power input, as the size of the particle increases, the overall
displacement of particle stream increases. Thus, larger particles are filtered further from the
original stream, small particles are moved a shorter distance, and both sets are collected
from the corresponding outlets. In our experiments, we explored the removal rate and
recovery rate of particles with varied size (Figure 3). The input power was fixed at 27 dBm;
the flow rates of sample and sheath flow were 5 and 10 pL min~2, respectively. Particles of
diameters 900, 600, 220, and 110 nm were sampled, with the latter two being labeled with
fluorescence. Figure 3A shows the bright-field and fluorescent images at the outlet region.
The expected result was that at the particular power and frequency we used, the 900 and 600
nm particles would be forced by the acoustic field to outlet A, while the smaller 220 and 110
nm particles would remain close to the original stream and be collected at outlet B.
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We collected 20 pL samples from either outlet A or B when the SAWSs were active. The
sample was measured with the Malvern Zetasizer Nano ZSP (Malvern Instruments Ltd,
UK), which is based on a dynamic light scattering (DLS) method, to find the size
distributions and counting rates. The original sample with the same volume was also
measured and used as a control. Figure 3B shows the size distributions of the original
sample and the SAW-on sample. The ordinate represents the signal intensity recorded by
photon detectors using the DLS method. Table 1 shows the corresponding removal rate or
recovery rate. The removal rate is calculated by dividing the counting rate of the sample
from outlet A by the counting rate of the original sample. The recovery rate is equal to the
counting rate of sample from outlet B divided by the counting rate of the original sample.
The data, presented as mean and standard error, was acquired from three individual
experiments with the Malvern Zetasizer. For 900 and 600 nm particles, most particles were
filtered by the acoustic field, with removal rates of 96.6% and 80.4%, respectively. On the
other hand, particles smaller than 220 nm were rarely deflected by the tilted acoustic field,
and the recovery rates for 220 and 110 nm particles were 85.6% and 90.7%, respectively.

We further tested the required deflection power for particles with different volume. Particles
with diameters of 900, 700, 500, 350, and 220 nm were passed through the taSSAW device
at flow rate 4 uL min~1. The sheath flow was 12 uL min~1. By adjusting the input power of
the radio frequency signal, the particles were successfully deflected by the acoustic field.
The minimum power required to deflect particles based on their size was measured and
recorded in Figure 4. As the diameter of particles decreased a higher power was needed to
deflect said particle. For 900 nm particles, the Vjeqk Of input RF sine waves was ~25 V and
the power was ~27 dBm. For 220 nm particles, the input power was more than doubled to
~31.5 dBm in order to deflect majority of the particles. Thus, by tuning the input power of
radio frequency signals, we can tailor our devices for different applications in which
nanoparticles with different sizes are involved.

2.3. Acoustic Separation of Nanoparticles

We have demonstrated that the taSSAW device enables size-based nanoparticle filtration, but
to further study the capacity of the taSSAW device, we fine-tuned the input power and flow
rate to separate 500 and 110 nm polystyrene particles. The mixture of 500 and 110 nm
particles (labeled with green fluorescence) flowed through the device and was fractionated
to different outlets. Bright-field and fluorescent images were recorded at the outlet region to
manifest the separation performance. Figure 5A shows the bright-field and fluorescent
images at varied flow rates. The sample flow rate increased from 3 to 9 uL min~1. At the
same time, the flow rate of sheath flow increased from 11 to 20 pL min~1. Generally, the
deflection for 500 nm particles induced by the acoustic field decreased as the flow rate
increased. When the sample flow rate was 3 pL min~1, the majority of 500 nm particles were
pushed away from the original stream and separated from the 110 nm particles. The device
was still effective when the flow rate was increased to 9 uL. min~1, although a small fraction
of 500 nm particles was observed in outlet B. Figure 5B shows the images in the acoustically
active region. The 500 nm particles were deflected periodically by the acoustic field, and
filtered out from the original stream. On the other hand, though the distribution of pressure
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nodes affected the flow stream, the 110 nm particles were not deflected sufficiently far
(Videos S1 and S2, Supporting Information).

2.4. Characterization of Separation Performance

We further explored the performance of acoustic nanoparticle separation by using scanning
electron microscopy (SEM) and the Malvern Zetasizer. The mixtures of 500 and 110 nm
particles were processed by the acoustic nanoparticle separation device. The flow rate was
set to 4 uL min~1 for the sample and 12 pL min~1 for the sheath flow. The sample subject to
acoustic power was collected from the outlet. 20 uL samples were collected and diluted to 1
mL. The diluted sample was dropped and wiped on a glass slide coated with a thin gold
layer. The liquid droplet was dried by spinning the glass slide at 800 rpm. The glass slide
was observed under an SEM microscopy. The results are shown in Figure 6.

In the original sample, the ratio between 500 nm particles and 110 nm particles was about
1:30. From the SEM images, a large number of 500 nm particles were observed. After
separation, the number of 500 nm particles decreased dramatically. The results (Figure 6)
indicate that 500 and 110 nm particles were effectively separated by the acoustic field. Most
of the 500 nm particles were pushed to the waste outlet, and the purified 110 nm sample was
obtained from the sample outlet.

We also conducted acoustic separation for other nanoparticle mixtures. Intensity
comparisons were made between the original sample and the separated sample. The results
are shown as Figure 7. Separation testing was conducted for mixtures of 110 and 900 nm
particles, 240 and 900 nm, 240 and 700 nm, and 240 and 500 nm. The abscissa represents
size distribution, and the ordinate is the signal intensity at the corresponding size range. The
signal intensity was determined by the number of particles. It can be seen that each of the
original samples contains two distinct (yet rounded) peaks at the respective constituent
particle sizes. Due to the discrete size distribution, the digital light scattering technique
which is used in the Malvern Zetasizer has pitfalls in terms of peak resolution.[%9] On the
other hand, the sample processed by our acoustic nanoparticle separation device only
exhibited one peak in the size domain, and the resolution of this peak was more accurate
than the original sample. The results demonstrate that the larger nanoparticles were filtered
by the acoustic nanoparticle separation device, producing a purified sample with only small
particles.

3. Conclusion

We demonstrate that nanoparticles of varying sizes can be effectively and continuously
separated by acoustic waves. The acoustic-based nanoparticle fractionation method
presented here provides a unique opportunity to separate virtually all kinds of nanoparticles,
regardless of their charge and polarity properties and medium conditions. Furthermore, this
method is noncontact, noninvasive, and label-free. This characteristic is particularly
important for biological and biomedical applications in which the ability to preserve the
integrity of bio-nanoparticles (such as extracellular vesicles, protein aggregates, bacteria,
and virus) is important. Finally, the acoustic-based nanoparticle separation device is compact
and inexpensive, and it can be conveniently integrated with other lab-on-a-chip units to
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enable a fully integrated nanoparticle separation and analysis system. With its advantages in
versatility, biocompatibility, efficiency, sensitivity, and simplicity, the acoustic-based
nanoparticle separation method presented here is a promising tool for many applications in
biology, chemistry, engineering, physics, and medicine.

4. Experimental Section

Device Fabrication

In this study, the Y+ 128° X-propagation lithium niobate (LiNbOs3) was used for
piezoelectric substrates. The IDT design was patterned by photolithography. After that, a
thin layer of Cr (thickness: 50 A) was deposited as an adhesive layer, followed by a 500 A
gold layer as electrodes. The deposition was conducted with an e-beam evaporator
(Semicore Corp). The metal layer was removed with photoresist, and IDTs were formed by a
lift-off process. A set of IDTs consisted of 80 pairs of unidirectional electrodes of feature
size 10 um. The wavelength was 120 um at a resonance frequency of 33.13 MHz.

The polydimethylsiloxane (PDMS) channel was fabricated by a standard soft lithography
process. A thin layer of SU8 100 photoresist (MicroChem, Newton, MA) was spin-coated
and patterned by ultraviolet exposure on a 4 in. silicon wafer. PDMS base and curing agent
(10:1) were mixed and poured on the SU8 mold. After baking at 65 °C for 30 min, the
PDMS channel was peeled off from the mold and bonded on the LiNbO3 substrate. Before
bonding, the surface of the LiNbO3 substrate and the PDMS channel was treated with
oxygen plasma. The height and width of the PDMS microfluidic channel were 100 and 800
um, respectively.

Experimental Setup

Polystyrene particles (Bangs Laboratories, USA) were suspended in water as a sample. The
diameter of particles used in this study included 900, 700, 600, 500, 240, 220, and 110 nm.
The 220 and 110 nm particles were labeled with dragon green fluorescent carboxyl (P(S/V-
COOH), (480, 520), Bangs Laboratories, USA). Syringe pumps (NeMESY'S, Cetoni GmbH,
Germany) injected the sample and withdrew the waste. The experiments were conducted on
the stage of an upright microscope (Olympus, Japan). A Peltier cooler was placed under the
microfluidic device to keep the temperature at ~25 °C. A charge-coupled device (CCD)
camera recorded the nanoparticle separation process. The acoustic wave was excited by
applying radio frequency signals to the IDTs. Signals were formed with a generator
(E4422B Agilent, USA) and an amplifier (Amplifier Research, USA).

The sample was collected from either outlet when the acoustic wave was on. 20 pL of
sample was diluted to 1 mL with deionized water and was transferred to cuvettes. After that,
the sample was tested with the Malvern Zetasizer (Malvern Instruments, UK). The size
distribution and the counting rate of particles were obtained. During tests, the temperature
was kept at 25 °C. The particle removal rate was calculated by dividing the number of
particles collected from waste outlet by the number of particles in the original sample. The
particle recovery rate was calculated by dividing the number of particles collected from
sample outlet by the number of particles in the original sample.
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Figure 1.
A) Schematic and B) photograph of the acoustic-based nanoparticle separation device.

Adv Funct Mater. Author manuscript; available in PMC 2017 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wu et al.

Page 12

(ﬁ)oqam ——100nm__——=500nm

of Fow— T ——— ]

-m"m Particle tracing S

500 nm... .-

“Pressure nodes

2 25 3

Figure 2.

35

x10°m

Mechanism of the acoustic-based nanoparticle separation device. A) Simulated particle
tracing shows that 500 nm particles are pushed periodically by acoustic radiation force when

they pass through the array of pressure nodes, while 100 nm particles are not. B)
Distribution of pressure nodes in the channel. The mixing of the two liquids (water and
ethanol) manifests the pressure node distribution. Scale bar: 500 pm. C) 500 nm particle
stream is deflected by taSSAW acoustic field. Scale bar: 200 um.
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Figure 3.
The taSSAW acoustic field functions as a size-based filter. A) Images at the outlet region

show that 900 and 600 nm particles were pushed to outlet A, while 220 and 110 nm particles
remain on the path to outlet B. B) Characterization of postfiltration samples from outlet A
for 900 and 600 nm particles and from outlet B for 220 and 110 nm particles. The size
distribution curve was obtained with a Malvern Zetasizer. The yaxis is the intensity of
signals measured by dynamic light scattering (DLS).
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Figure 4.
The required input power as a function of particle diameter. The y axis represents the voltage

(in terms of Vpeak) as well as the power of radio frequency sine waves.
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Figureb.
Acoustic separation of 500 and 110 nm particles. A) The separation maintained high

efficiency as the throughput increased. 3 + 11 uL min~L: the flow rates of the sample and the
sheath flow were 3 and 11 uL min~1, respectively. B) Bright-field and fluorescent images at
the acoustic active region. The flow rates of the sample and the sheath flow were 4 and 12
uL min~1, respectively. Scale bar: 500 pm.

Adv Funct Mater. Author manuscript; available in PMC 2017 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wu et al.
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Figure®6.
SEM images of the original sample (the mixture of 500 and 110 nm particles) and the

acoustic-on sample (collected from the device when the acoustic power was on).
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Figure?.

The size distributions of samples before (black lines) and after (red lines) acoustic
separation. Samples were tested with the Malvern Zetasizer, which employs digital light
scattering (DLS). The ordinate represents the signal intensity, and the abscissa is size
distribution. The acoustic-based nanoparticle separation technique filters larger nanoparticles
and yields a purified sample, which exhibited only one peak in size distribution.
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Table 1

Removal rate or recovery rate for particles of various sizes.

Particlesize 900nm 600nm 220nm 110 nm
Removal rate (%) 96.6 80.4 - -
Recovery rate (%) - - 85.6 90.7
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