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Silica seed particles improve the efficiency and throughput of nanoparticle
acoustic trapping
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Silica has rarely been used as a seed particle material in acoustic trapping of nanoparticles. Here we
use fluorescent nanoparticles, which are frequently used as a model system, to demonstrate that through-
put and nanoparticle trapping efficiency can be improved by using silica seed particles as opposed to
traditionally used polystyrene seed particles. The 10 times larger dipole scattering coefficient of silica
seed particles compared with polystyrene seed particles in water leads to a higher retention force against
fluid flow and thus enables higher throughput. Seed particles retained at an actuation voltage of approx-
imately 10 V p.p. can withstand flow rates up to 2100 200 pl/min for silica and 200 £ 50 pl/min for
polystyrene. Furthermore, silica is found to be 40%—2000% more efficient (number of trapped nanoparti-
cles as measured by fluorescent intensity) than polystyrene seed particles in trapping 270-nm polystyrene
nanoparticles from suspensions of 10'°—10!! particles/ml. Moreover, after enriching nanoparticles into a
silica seed particle cluster, the washing flow rate can be increased from 30 pl/min to 200 pl/min (the flow
rate at which polystyrene clusters are unstable), halving the total sample processing time without losing
the silica seed particle cluster or compromising the nanoparticle trapping efficiency. Thus, material prop-
erties (particularly density) of the seed particles are critical to both nanoparticle trapping efficiency and

throughput.

DOI: 10.1103/PhysRevApplied.21.034016

I. INTRODUCTION

A major obstacle in disease prognosis in medicine is
that submicron targets, such as extracellular vesicles car-
rying biomarkers in biofluids [1-3], are very difficult
to isolate in a reliable way [4—7]. In the last decade,
acoustic trapping has emerged as a novel technique for
nanoparticle (NP) enrichment in fluids [8]. Acoustically
enriched extracellular vesicles have provided diagnos-
tic and prognostic information such as surface markers
[9,10], microRNAs (small ribonucleic acid molecules)
[9], and protein expression [11,12]. Acoustic trapping
functions as a fluidic platform able to retain particles
and cells against flow in an ultrasonic standing wave
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field [13,14]. Compared with ultracentrifugation, acous-
tic trapping is rapid and gentle [9]. Acoustic trapping also
allows washing, removing nontrapped species like free
proteins [11].

The acoustic forces acting on a particle in an acoustic
field depend on the particle’s compressibility and den-
sity relative to its surroundings, in addition to the par-
ticle’s volume [15]. The compressibility and density of
particles determine the monopole and dipole scattering
coefficients, respectively, of the particles in a fluid [16].
Particles that are denser than their surrounding fluid and
have a positive acoustic contrast factor (as defined in Ref.
[17]) may be retained by acoustic trapping as shown in
Fig. 1(a). Fornell et al. [18] demonstrated that a parti-
cle density contrast to the surrounding fluid is critical to
whether acoustic forces retain microparticles against flow.
Polystyrene (p =1050 kg m™) and melamine particles
(0 =1500 kg m™>) with 10-um diameters could both be
retained against flow in water, but in a denser fluid (14%
Ficoll, p =1050 kg m™) only melamine particles were
retained against flow.

Acoustic radiation forces are highly particle-size depen-
dent, which makes trapping of individual submicron parti-
cles against fluid flow challenging. In 2012, Hammarstrém
et al. [8] observed that 400-nm polystyrene NPs could only
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(a) Schematic of the mean squared pressure (left) and velocity (right) fields generated in a rigid fluid-filled capillary driven

at its resonance frequency by a localized piezoelectric transducer. Positive acoustic contrast microparticles are represented by black
circles. The pressure and velocity gradients in the z direction above the transducer lead to axial acoustic radiation forces on particles,
focusing them to the midheight of the channel. The velocity gradient in the x direction leads to lateral acoustic radiation forces that
may retain particles against flow. (b) The experimental setup for particle trapping. The glass capillary dimensions are 2-mm width
(»), 0.2-mm height (z), and 40-mm length (x). The trapping region is recorded by a fluorescence microscope, perpendicular to the

piezoelectric transducer. Gravity acts in the positive x direction.

be enriched in an acoustic trap when the concentration
exceeded 1 wt % (approximately 4 x 10'? particles/ml),
hypothesizing that the interparticle distance was short
enough for scattered sound interaction between the NPs to
induce interparticle forces sufficiently large for NP aggre-
gation. However, using sound-scattering polystyrene seed
particles enabled bacteria trapping at concentrations much
lower than 1 wt % [8], approaching clinically relevant con-
centrations of bacteria (1.1 x 10° bacteria/ml). Addition-
ally, trapping 100-nm polystyrene NPs was demonstrated
at 0.1 wt % with seed particles, whereas direct capture
was not possible even at 1 wt % [8]. Henceforth, in the
topical field of acoustofluidics-based extracellular vesicle
trapping, it has become standard practice to investigate NP
acoustic trapping performance first using polystyrene NPs
[9,11,19].

This method of NP acoustic trapping (see Fig. 2)
enriches the submicron particles in the interstitial space of
the preloaded seed particles (10-um-diameter polystyrene
beads) [8]. The acoustic trapping seed structure con-
cept is similar to earlier work by Gupta and Feke [20],
where a chamber packed with glass beads (3 mm in size)
was actuated with an acoustic standing wave to retain
2—15-pm polystyrene against flow. In 2014, Silva and
Bruus [21] derived the acoustic interaction force on
one elastic particle caused by waves scattered from

microparticles for any separation distance: the resulting
force depends on the inverse interparticle distance to the
fourth power. In the case of acoustic trapping, when parti-
cles are close to the pressure node, this acoustic interaction
force depends on the dipole scattering coefficients and
sizes of all the particles involved [22]. The theory for
acoustic interparticle forces has been validated experimen-
tally for micrometer-sized particles [22-25].

The trapping of NPs is a complex phenomenon; scat-
tered sound interaction, hydrodynamics and electrostatic
forces influence whether NPs can be trapped, although
the relative force contributions are unknown. In recent
years, theoretical investigations have been made to elu-
cidate some of the effects in acoustic trapping of NPs
[26-29]; however, these underlying theories have not yet
been experimentally validated with NPs.

Acoustic streaming has also been observed, introduc-
ing drag forces that cause nontrapped particles to circulate
in the vicinity of the trapping region [8]. The stream-
ing observed in an unloaded trap, without a seed particle
cluster present, is considered to be largely induced by
thermoviscous effects due to the thermal gradient above
the transducer and, to a lesser extent, boundary-driven
streaming [30]. With dilute NPs, Hammarstrom et al. [8]
observed that the motion of submicron particles, with-
out a seed particle cluster present, was dominated by the
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FIG. 2.

(a) The acoustic field is represented by the local (v*) maximum (orange shading) in the center of the capillary cross section.

The velocity gradient traps seed particles (10 um, dark spheres) which scatter sound, between which NPs (<300 nm, green sphere)
are trapped. (b) Image of trapping region during aspiration of high concentration NPs (around 10'? particles/ml) into the seed particle

cluster (step 3 in Fig. 3). Gravity acts in the positive x direction.

streaming rolls, such that the particles could evade trap-
ping. However, it is still unknown to what degree this phe-
nomenon aids or hinders NP trapping when seed particles
are present.

Until now, most submicron particle acoustic trap-
ping studies have used preloaded seed particles made of
polystyrene [9—12,19,31-37]. An exception was the use of
silica seed particles while trapping bacteria for mass spec-
trometry in 2014 by Hammarstrom ef al. [38]. In that case,
the choice of material was motivated by the hydrophilic
surface properties of silica beads, as it was anticipated that
silica seed particles would have less nonspecific binding of
proteins than polystyrene seed particles. However, they did
not compare bacteria trapping performance of silica seed
particles with that of polystyrene seed particles.

In this paper, we investigate the impact of the seed par-
ticle material on acoustic trapping efficiency and through-
put, where trapping efficiency denotes the number of NPs
trapped as measured by fluorescence intensity. We choose
to compare silica and polystyrene since both particle types
are widely used in bioanalytical assays. Firstly, we aspirate
seed particles made of silica or polystyrene into the acous-
tic field and retain the particle clusters against increasing
flow rates. We present quantitative results that demonstrate
that silica seed particles display around 10 times greater

retention forces and potential for higher throughput trap-
ping as compared with polystyrene seed particles. To our
knowledge, this is the first published work showing good
agreement between analytical calculations of dipole scat-
tering coefficient with a retention coefficient calculated
from experiments in an acoustic trapping capillary. Ley
and Bruus [39] previously described a method to measure
the acoustic energy density in an acoustic capillary, like the
one we use in this study, by increasing flow rate on a test
particle until the maximum lateral retention force cannot
balance the Stokes drag force any longer. We show that a
similar method (see Sec. III E) can be used to determine
that the lateral retention force on a seed particle scales as
expected with its density.

Secondly, we apply these seed particles for NP trap-
ping. Fluorescence intensity has previously been used to
track the trapping of Escherichia coli into a polystyrene
seed particle cluster, since the fluorescence scales with the
number of particles [8]. Here, we measure the fluorescence
intensity over time [Fig. 2(b)] to quantify the trapping and
washing of fluorescent NPs using silica and polystyrene
seed particles. Silica seed particles demonstrate higher
NP trapping efficiency and enable greater throughput than
polystyrene seed particles. This finding has noteworthy
consequences for NP trapping applications and suggests
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that more attention should be given to the seed particle
material choice to increase throughput and trapping effi-
ciency of NPs in 10'°—10'! particles/ml suspensions. Both
of these are major challenges for isolating extracellular
vesicles from biofluids for clinical applications.

II. ACOUSTIC TRAPPING THEORY

Polystyrene and silica are more dense and less com-
pressible than water, see Table I. Thus, microparticles
made of silica or polystyrene suspended in water at room
temperature have a positive acoustic contrast factor (as
defined in Ref. [17]). In zero flow, but in the presence
of an acoustic field, these particles will move towards
the region where pressure fluctuations are minimum and
velocity fluctuations are maximum, see Fig. 1(a).

In acoustic trapping, Fig. 1, a localized acoustic field
generated by bulk acoustic waves can be used to sus-
pend particles in a capillary above a piezoelectric trans-
ducer. When the actuation frequency matches the half-
wavelength resonance of the water-filled capillary, positive
acoustic contrast particles in the capillary are focused to
the pressure node at the half-height defined as z = 0 [see
Figs. 1(a) and 2(a)]. The seed particle cluster may be
retained at this point against the drag force induced dur-
ing washing in the x direction when there is a local strong

Gor’kov minimum [16,18,39], due to the velocity gradient,
Fig. 1(a).

The retention force F, for a single particle of volume V'
at point (x, z) in the capillary, with pressure amplitude Py,
angular frequency w, and wave numbers k,, k., was derived
by Fornell ef al. [18]. Noting the orientation of the device
is now defined as in Fig. 1, Eq. (16) in Ref. [18] can be
written as

3 4P

F.= -V
8 w?py

kek? sin(2k,x). (1)

The dipole scattering coefficient f; is defined as

5= 2(pp/pf) -1 _,p-1
200p/pr) +1 2+ 1

)

where p, is the density of the seed particle, ps is the
density of the surrounding fluid (997 kg m~3 for water
at room temperature and pressure), and p is the density
contrast p,/pr. w is the angular frequency (2 mf) of
the applied ultrasound. In the device used in this study,
the resonance frequency f of the water-filled capillary is
4.1 MHz. For 10-um seed particles in this acoustic field
ka = wa/c = 0.086, where a is the radius of the seed par-
ticle (5 x 107®m) and ¢ is the speed of sound in the
surrounding fluid (1500 m s™!), thus ka < 1.

TABLE I. Physical property parameters for seed particles, nanoparticles, and fluid.
Compressibility® Supplier (lot
Particle Material Density? (kg m™3) (x10710Pa~h) Diameter® (um) number)
Fluorescent Polystyrene 1055 2.45 10.0£0.1 Microparticles
polystyrene GmbH, Germany
seed particle (PS-FluoGreen-
Fi347)
Fluorescent silica Silica 1800 0.27 10£2 Kisker Biotech
seed particle GmbH & Co. KG,
Germany
(GK072842-09)
Nonfluorescent Polystyrene 1055 2.45 10.0£+0.1 Sigma Aldrich,
polystyrene Germany
seed particle (BCBN8192V)
Nonfluorescent Silica 1800 0.27 10£2 Kisker Biotech
silica seed GmbH & Co. KG,
particle Germany
(GK1060743-01)
Fluorescent Polystyrene + 1055 2.45 0.277 £0.050¢ Thermo Fisher
nanoparticles Fluoro-Max dye Scientific, US
(NPs) (246584)
Fluid MilliQ Water 997¢ 4.55 Merck KGaA,
Germany (N/A)

2From supplier. Unless otherwise stated, particles are smooth and spherical.

bValue at 25 °C, from Qiu et al. [40]
“Values as measured by Han ef al. [41]
4Measured by nanoparticle tracking analysis, see Sec. III D.
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The wave numbers in the x and z directions are given by

hh=""=""andk ="~ = (3)

where the piezoelectric transducer length / is approx-
imately 2000 pm and £=200 um is the height of
the capillary (Figs. 1 and 2). A is the corresponding
wavelength for each wave number k£ in the x and z
directions.

It is relevant to note that the transducer and capillary
length are orientated vertically; this means that, in the
absence of both an acoustic field and fluid flow, microparti-
cles with higher density than the fluid will sediment down
the length of the capillary. This is in contrast to work by
Fornell et al. [18], who used a similar device with the
capillary laid horizontally, such that the microparticles set-
tled on the bottom wall when the acoustic field was turned
off.

According to Eq. (1), the retention force that a particle
experiences in an acoustic field depends on its density rel-
ative to the fluid. In order to achieve high throughput in
NP trapping, see Fig. 2, the seed particle cluster needs to
be stable under (or withstand) the effect of the strong drag
forces during washing [see Appendix A, Egs. (A1)A5)].
This requires a strong retention force, which is enabled by
a large density contrast, Egs. (1) and (2). The seed parti-
cles are particularly useful if they can be retained at a wide
range of voltages and flow rates.

The retention force, Eq. (1), was derived for a sin-
gle isolated particle. The total acoustic radiation force on
a cluster of seed particles will be the sum of the pri-
mary acoustic radiation force over all particles, while the
acoustic particle-particle interactions are approximately
equal and opposite for neighboring particles and their
contribution to the total retention force cancels over the
whole cluster. As the acoustic particle-particle interac-
tions decay quickly with the particle-particle distance [22],
we neglect any contributions from non-neighboring parti-
cles.

III. MATERIALS AND METHODS

A. Acoustic trapping instrumentation

The AcouTrap (AcouSort AB, Lund, Sweden) system
we use possesses a trapping unit consisting of a glass cap-
illary mounted on a piezoelectric transducer [Fig. 1(b)].
Figure 2(a) illustrates the trapping capillary from the field
of view, as well as a cross section of the capillary above
the piezoelectric transducer.

The ultrasound transducer is actuated with a peak-to-
peak voltage of 10 V p.p. (or as otherwise stated), centered
at 4.1 MHz, and a frequency tracking system is used to
automatically adjust and record the resonance frequency
as previously described [42]. When the frequency tracking

is active, a resonance frequency scan £1% around the cen-
ter frequency is repeated every 1 s to find the frequency
of the maximum power input. This tracking accounts for
the resonance frequency change with varying tempera-
ture (see Appendix B, Fig. 8) or sample composition [42].
Hammarstrom et al. implemented this technique and found
for their system that drifting only 50 kHz off resonance
decreased the maximum washing flow rate by a factor of
10 [42]. Loading particles in the trap will also change the
resonance frequency (see Appendix B, Fig. 9) and going
from zero flow to wash flow will alter the fluid tempera-
ture in the trap and hence the resonance frequency (Fig. 8).
To trap a stable cluster of seed particles and retain them
during washing, frequency tracking is a prerequisite to
ensure that the seed particle clusters are not lost. Thus,
frequency tracking provides a more robust device [42]
and is common practice in levitated seed particle acoustic
trapping.

During the short time when the frequency scan is per-
formed, the frequency is shifted off resonance by 1%,
and this is found to be enough to lose the cluster, espe-
cially when changing from zero to very high flow rates.
Owing to this, during the seed particle retention quantifi-
cation experiments, the frequency tracking is deactivated
for high-flow-rate ramping steps such that the frequency is
fixed to the optimal resonance frequency recorded during
the 150-pl/min wash.

The AcouTrap software allows control of the x, y, z
position of the capillary, valves, syringe pump flow rate,
and magnetic stirring of a vial with seed particles. The
magnetic stirring is automated to mix the seed particles
for 60 s immediately before aspiration, ensuring consis-
tent seed particle concentrations throughout the experi-
ment. One syringe contains MilliQ water (see Table I
for properties and supplier) for dispensing through the
capillary. A second, empty, syringe is used to aspi-
rate from the vial or 96-well plate (containing NPs and
water).

B. Microscope

A universal serial bus fluorescence microscope
AM4115T-GFBW (Dino-Lite Europe) is mounted hori-
zontally, as shown in Fig. 1(b), and focused on the center
of the capillary in the region above the transducer. A series
of images [such as Fig. 2(b)] are taken whilst illuminating
with the light-emitting diode A.x ~ 488 nm, with the emis-
sion filter Aey, ~ 510 nm. In each experiment, images are
taken at 1 s intervals, with an exposure time of 1/1000 s
to 1/30 s depending on the fluorescent particle type and
concentration to maximize the signal whilst avoiding satu-
ration of the camera pixels. Each image series are exported
as a single .wmv video from which the average green pixel
intensity is calculated for each frame.
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Schematic of a seed particle cluster washing experiment in an acoustic trapping capillary. The green circles represent fluo-

rescent seed particles. In step 1, freshly stirred seed particles are aspirated at 100 pl/min. Then in step 2, 25 pl of water is aspirated
at 75 pl/min to bring the remaining particles up to the transducer region, where they are retained by the acoustic field. Step 3 washes
off excess particles with water at 15 pl/min for 15 s. In steps 4 to 6, the flow is ramped up in steps without returning to zero flow. The
ultrasound is on for the duration of the experiment; however, tracking is turned off for the higher flow rates (steps 5 to 6). At some
point during the ramping, the flow rate becomes too great for the cluster to be retained in the acoustic field, and the cluster is washed

away. Gravity acts in the positive x direction.

C. Seed particles

10-um-sized spherical particles made of either
polystyrene or silica are used as seed particles in all
studies. Their properties and suppliers are summarized
in Table 1. Green fluorescent seed particles are used to
study their retention at various flow rates. Nonfluores-
cent seed particles are used in subsequent NP trapping
experiments.

D. Fluorescent nanoparticles

In the NP trapping studies, green fluorescent polystyrene
NPs (see Table I), sold as 270-nm diameter, 1-wt % stock
concentration, are used. The fluorescence excitation peak
of the NPs is Aex = 468 nm and the emission peak is
Aem = 508 nm. The particles are analyzed by NP tracking
analysis using a NanoSight LM10 (Malvern Analytical),
which finds a mean diameter of 277 £ 50 nm and stock
concentration of 5.8 x 10!? particles/ml.

E. Seed particle retention quantification

Seed particle washing experiments are performed on the
AcouTrap system as detailed in Fig. 3, whereby fluores-
cent seed particles made of either polystyrene or silica (see
Table I) are aspirated to form large clusters and washed
at increasing flow rates until the cluster can no longer be
retained and is washed away. To explore the dynamic range
for retention of each seed particle, actuation voltages of 2,
4,6, 8,and 10 V p.p. are tested, with three repeats for each
condition.

Frequency tracking is turned off during steps 5 to 6 in
Fig. 3 and the frequency is kept at the optimal value found
after washing at 150 pl/min to avoid momentary losses in
retention force during the frequency scans, which, at high
flow rates, introduce variability to the results. The flow rate
is ramped up (in steps defined in Fig. 3) every 5 s without
stopping the flow. For each run, the critical flow rate Q.
is recorded, defined as the flow rate before the loss of the
cluster occurs. From the Q. values, we calculate a retention
coefficient and the maximum retention force for each seed
particle material.
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(a) Schematic of acoustic trapping of fluorescent NPs (represented by green shading) into seed particle clusters (repre-

sented by grey circles). (b) A fluorescence-time profile resulting from a NP trapping experiment following the same steps. The
steps are as follows: (1) the trap is turned on and 60 pl of freshly stirred seed particles are aspirated at 75 pl/min (or 100 pl/min
in enhanced throughput studies); (2) excess seed particles are washed off dispensing 100 pl of water at 50 pl/min (or 200 pl of
water at 100 pl/min in enhanced throughput studies); (3) 25 pl of the green fluorescent NPs are aspirated at 30 pl/min; (4) 25 pl
of water is aspirated at 30 pl/min, so the plug of NPs passes the trapping region; (5) 200 pl of water is dispensed at 30 pl/min
(or 200 pl/min in enhanced throughput studies) to bring the plug of NPs back past the trapping region, washing off excess NPs;
(6) the ultrasound is switched off and then the cluster is dispensed with 200 pl water at 500 pl/min. Gravity acts in the positive x

direction.

F. Nanoparticle trapping quantification

Acoustic trapping for several NP concentrations is per-
formed with both silica and polystyrene seed particle clus-
ters. In the protocol [described in detail in Fig. 4(a)], seed
particle clusters are retained at 10 V p.p. (steps 1 and
2), after which the fluorescent NPs (polystyrene, 270-nm
diameter) are aspirated as a plug and enriched into the
seed particle cluster (steps 3-—5). At step 6, the trapped NPs
are released by turning the trap off before dispensing. The
fluorescence-time profiles [Fig. 4(b)] are compared for dif-
ferent seed particle materials, NP concentrations, and wash
flow rates.

The fluorescence intensity scales with the number of
NPs in the field of view. The NP stock is diluted with
MilliQ water (Merck KgaA, Darmstadt, Germany) to give
the concentrations: (20, 10, and 2) x 10'0 particles/ml.
Figure 4(b) shows an example of a fluorescence profile
during a trapping experiment; the exposure time of the
camera is set for each NP concentration (1/125, 1/60,
and 1/30 s, respectively, for decreasing concentration) to
maximize the signal but avoid saturation to allow a
clear comparison between the fluorescence-time profiles

acquired with different seed particles at one NP
concentration.

The first peak [between steps 3 and 4 in Fig. 4(b)] and
second peak (early in step 5) indicate the plug of the NP
sample passing the trapping region, first in the aspiration
mode when water is aspirated (step 4), and then in the
washing mode (step 5). The downward slope towards a
plateau (after the peak in step 5) indicates washing off
excess nontrapped NPs at a flow rate of 30 pl/min (step
5 in Fig. 4). At step 6, the ultrasound is turned off and the
seed particle cluster is dispensed [inset Fig. 4(b)]; the flu-
orescence signal drop indicates the release of NPs that had
been trapped. The trap off step, the fluorescence change
observed when the cluster is released, is calculated from
the green intensity before release (mean green pixel fluo-
rescence in the 15 s before the sound is turned off) minus
the baseline (mean fluorescence during the 10 s following
dispensing).

A further set of experiments is performed to investigate
enhanced throughput for NP trapping, where silica seed
particles are used for NP trapping with a faster washing
flow rate of 200 pl/min (as well as a 30-pl/min control).
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FIG. 5. Critical mean wash flow rates for silica (red) and

polystyrene (blue) seed particles for 2—10 V p.p. (error bars
indicate the estimated uncertainty due to the discrete flow rates
measured). Corresponding best-fit lines defined by the equation
0. =c¢ Vlz,p + Qo with the retention coefficient ¢, for each seed
particle.

In these enhanced throughput studies, silica seed particle
aspiration and washing (steps 1 and 2 in Fig. 4) are per-
formed at 100 pl/min to ensure a stable silica seed particle
cluster before trapping fluorescent NPs at 10 x 10'° parti-
cles/ml (camera exposure time 1/60 s).

IV. RESULTS AND DISCUSSION

A. Seed particle retention flow rates

In the first experiments, clusters of seed particles are
retained at different voltages and retained against increas-
ing flow rates, see results in Fig. 5 and Table II. The critical
flow rates reveal the equilibrium point between the drag
force and retention force, i.e., the flow rate where clus-
ters can just about be retained before being pulled out of
the trap. At that flow rate, the fluid velocity at the cluster
gives rise to a drag force F; that is balanced with the reten-
tion force F;, Eqs. (A1)~(A5). When actuated at 10 V p.p.,
polystyrene seed particles are lost after washing at a criti-
cal flow rate of 200 4= 50 pl/min. In contrast, at 10 V p.p.,
silica seed particles are only lost after a critical flow rate of
2100 4200 wl/min.

For both polystyrene and silica seed particles, the critical
flow rates Q. [corrected for gravity effects by Qy, see Egs.
(A6)—A12)] are proportional to the square of peak-to-peak
voltage applied, Q. — Oy V;p, as shown in the quadratic
fit in Fig. 5. For each material this result corresponds with
the theory that 0. — Oy « f> Vﬁp [Eq. (A10)].

It would be expected that the retention coefficient c,
of a cluster of seed particles of some material would be

TABLE II. Retention performance of seed particles.
Parameter Polystyrene seed particles ~ Silica seed particles
H* 0.037 0.350
O, (u/min)® 200 £+ 50 2100 £ 200
Fy (nN)°® 13403 14 +2
¢ ()¢ 2.13 20.7
R? of fit 0.984 0.994

2Dipole scattering coefficient calculated from Eq. (2) using the
suppliers’ values for density (Table I).

YMaximum critical flow rate for a cluster held at 10 V p.p.
°Stokes drag force at Q. for 10 V p.p. calculated for one particle
via Egs. (A4) and (AS5).

4The retention coefficient of material c,, such that O, — Qg
V127p can be written as 0, = ¢, V;P + Op.

proportional to the seed particle’s dipole scattering coef-
ficient f,. In other words, the particle’s propensity to be
retained against flow depends on its density, as in Egs. (1)
and (2). Calculating the ratios between each coefficient for
silica seed particles compared to polystyrene seed particles
(from Table II) yields f; (silica) /f; (polystyrene) = 9.4 and
¢, (silica)/c,(polystyrene) = 9.7. These ratios correspond
quite well given the errors of up to 10% in Q. at high flow
rates and the inhomogeneity of silica seed particle diam-
eters (coefficient of variation for silica diameter is 20%,
Table I).

Thus, we find good agreement between the acoustic
retention force theory and flow rate experiments. It is
also apparent that silica seed particles consistently out-
perform polystyrene seed particles, being retained against
faster flow rates and at lower voltages. For example, Fig. 5
shows that it is possible to wash clusters at 100 pl/min
for silica seed particles retained at 2—-10 V p.p., but only
for polystyrene seed particles retained at 810 V p.p. At
these voltages, and corresponding pressure amplitudes, the
retention forces on a polystyrene seed particle would be
expected to be around 10 times lower than the retention
forces on a silica seed particle of the same size. Here we
find that the range of voltages and flow rates under which
silica seed particles can be retained is much greater than
for the polystyrene seed particles traditionally used.

B. Nanoparticle trapping with polystyrene and silica
seed particles

During the second set of experiments, fluorescence
intensity is used to quantify seed-particle-enabled NP
enrichment via acoustic trapping during aspiration, wash-
ing, and dispensing (at 30 pl/min and 10 V p.p., as
described in Fig. 4). Figure 10 (see Appendix C) presents
images taken during each of the steps in the protocol
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FIG. 6. (a)~(c) Graphs of fluorescence-time profiles [number of repeated experiments (N)=2—4, error bars show the minimum
and maximum for the respective experiments] for NP trapping quantification, with insets showing the trap off fluorescence change.
The NPs aspirated had concentrations (and corresponding camera exposure times) of (a) 20 x 10'? particles/ml (at 1/125 s); (b)
10 x 10'° particles/ml (at 1/60 s); (c) 2 x 10'° particles/ml (at 1/30 s). (d) Shows that the trap off fluorescence change is negligible
for trapping NPs at <10!! particles/ml with polystyrene seed particles, but not silica seed particles (error bars show the minimum and

maximum for each experiment).

(described in Fig. 4) and shows the enrichment of fluores-
cent NPs into the seed particle clusters. The fluorescence-
time profiles of NP trapping under equal conditions are rea-
sonably reproducible, see Figs. 6(a)-6(c), as the minimum
and maximum are close to the mean.

The mean values of the trap off step (as defined in
Sec. III F) are compared for silica and polystyrene seed
particles in Fig. 6(d). For the highest NP concentration,
20 x 10'° particles/ml [Fig. 6(c)], silica performs simi-
larly to polystyrene as a seed particle material; Fig. 6(d)
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FIG. 7. Graph of fluorescence-time profile generated by trapping NPs with silica seed particles, six repeats. The NP trapping protocol
(see Fig. 4) is followed, except in the washing step 5, where the flow rate is either 30 pl/min (red) or 200 pl/min (green). The trap off
fluorescence change can be seen in the insets; the bounds of the slow wash (red) is well within the bounds of the fast wash (green)
(error bars are minimum and maximum for each respective experiment, for N = 6).

indicates trap off step values for silica are within the trap-
ping performance bounds (min-max) of polystyrene, albeit
with a 30% lower mean. When the concentration of the
NPs is halved to 10 x 10'? particles/ml [Fig. 6(b)], a dif-
ference in seed particle performance becomes apparent.
Silica seed particles have a 40% higher mean trap off
step than polystyrene seed particles. When the NP concen-
tration is further decreased to only 2 x 10! particles/ml
[Fig. 6(a)], the difference in performance diverges fur-
ther. Whereas polystyrene seed particles on average do
not detectably trap NPs, silica appears to have an approx-
imately 2000% higher mean trap off step, indicating that
silica seed particles trap NPs with a greater efficiency than
polystyrene NPs when handling dilute NP concentrations,
below 10'! particles/ml.

The lower NP concentrations, <10'' particles/ml for
which silica outperforms polystyrene here, are close
to the concentrations of extracellular vesicles 10° —
10!! particles/ml found in biofluids such as cerebrospinal
fluid, blood plasma, and urine [9,43,44]. Samples are also
often diluted with phosphate-buffered saline to reduce the
viscosity, thus trapping extracellular vesicles from samples
around the order of 10'? particles/ml is desirable for many
clinical applications.

C. Enhanced throughput nanoparticle trapping with
silica seed particles

As the seed particle cluster washing experiments reveal
(Table II), silica seed particles are easily retained at much

higher flow rates than polystyrene, paving the way for
increased sample throughput. Therefore, we investigate the
effect of wash flow rate on NP trapping using silica seed
particles without changing sample or wash volume.

Increasing the wash flow rate from 30 to 200 pl/min
reduces the washing time from 7 to 1 min, and yet NPs
are still trapped (see Fig. 7). Appendix C, Fig. 11 presents
images taken during each of the steps in the protocol
(described in Fig. 4) and shows the enrichment of fluo-
rescent NPs into the silica seed particle clusters and the
washing off.

The Fig. 7 insets show a 4% difference in mean trap off
step when washing at 200 pl/min compared with the 30-
pl/min washing. The trapping performance bounds (min-
max) for the 200-pl/min flow rate wash encompasses the
performance minimum and maximum values found for
the slower flow rate wash. Thus, washing trapped NPs at
200 pl/min appears not to compromise trapping efficiency
whilst enabling total processing time to be halved com-
pared with a wash rate of 30 pl/min, providing silica seed
particles are used to ensure the cluster is stable.

V. CONCLUSION

This work advances the acoustic trapping of NPs by
challenging the status quo, which is currently to use
polystyrene seed particles [9—12,19,31-35]. We demon-
strate that silica seed particle clusters can trap NPs whilst
washing at a flow rate of 200 pl/min, a flow rate at
which the polystyrene seed particle clusters cannot be
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easily retained due to polystyrene’s low retention coeffi-
cient. Being able to wash at 200 ul/min with silica seed
particles improves throughput for NP trapping, as the total
sample processing time can be approximately halved from
13 to 7 min (cutting 6 min of wash time). Furthermore,
dilute NPs, <10'!" particles/ml, are trapped 40%—2000%
more efficiently using silica instead of polystyrene seed
particles. Silica seed particles therefore have advantages
over polystyrene with higher throughput, increased trap-
ping efficiency, and potentially better washing off of back-
ground proteins in biological samples. This makes them
an attractive alternative for extracellular vesicle trapping
in biofluids where high yield, high throughput, and low
nonspecific isolation are desirable.
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APPENDIX A: FORCES ON A SEED PARTICLE
DURING ACOUSTIC TRAPPING
1. Stokes drag force

The critical flow velocity u. (in m/s) has been defined as

_ BO

.=
hw’

(AT)

where 8 is 1.74, an aspect-ratio-dependent constant [39,
45]. Q. is the critical flow rate (in pl/s), and # and w define
the height (200 um) and width (2000 pm) of the channel,
respectively.
The drag force F; acting on one particle of radius @ in a
fluid flow of velocity u is defined as
Fy=6nnayu, (A2)
where x is 1.06, derived from the wall-induced drag
enhancement in the center of a parallel plate channel [39].
n is 0.89 x 1073 Pas, the viscosity of water at room
temperature and pressure.

2. Retention force in equilibrium

The retention force acting on a seed particle in an acous-
tic trapping capillary can be determined by increasing

the flow rate until the particle can no longer be retained.
By using the drag force F, at the critical flow rate for
which the particles are retained in an acoustic trapping
capillary mounted vertically, the gravitational force Fj,
buoyancy force F}, and finally the retention force F, can
be calculated.

Fg = Pp Vg, (A3)
Fy=prVg, (A4)
F,=F4+Fy —F, (AS)

where p; is 997 kg m~3, the density of water at room tem-
perature and pressure, and p, is the particle density. The
gravitational constant g is 9.81 m/s. The volume of the
particles is calculated as V = 4/3 ma®.

3. Critical flow rate—correcting for gravity

Approximately, for a single particle in equilibrium (i.e.,
the flow rate has been maximized to Q. without overcom-
ing the retention force),

Fa~F.—Vg(p, — pr). (A6)
Using Egs. (A1)+A5),
3 /P2
6 naxu, ~ V%zl.ikxki sin(2k.x) — Ve(py — o).
(A7)

If the particle size, position of the particles in the field,
capillary geometry, and fluid are also constant,

Ue O(fZP(Z) - Gconst(pp)a (A8)

where G qns Tepresents a constant independent of pressure
and flow velocity, which, under the conditions stated, only
depends on p, and is given by

3xgw*or (pp — pr)
8Vkok? sin(2h,x)

Geonst (pp) = (A9)

By using Eq. (Al), u. « Q., and by assuming the peak-
to-peak voltage applied V), is proportional to the pressure
amplitude, this gives
0. — Qu(pp) X foV3,, (A10)
where the correction constant O, is proportional to the
difference between the particle density and fluid density,
Oo(pp) X pp — pr- (A11)
When the flow rate is zero, some retention force (Fg)
is still required to retain the particles against gravity in

034016-11



MEGAN HAVERS et al.

PHYS. REV. APPLIED 21, 034016 (2024)

water,

Fo=Fg—Fy,= Vg(pp — pr). (A12)

For a single seed particle with properties given in
Table I, the zero-flow retention force from Eq. (A12) is
F,o(polystyrene) = 0.3 pN and F,y(silica) = 4.1 pN.Ina
multiple-particle case, such as is the case for a trapped
cluster of seed particles, the zero-flow retention force may
be significantly larger. This has been observed for large
seed particle clusters, which fall rapidly vertically (in the
direction of gravity) when the sound is turned off. When
holding a multiple-particle cluster against flow, the drag
force on each particle can also be different than in the
single-particle case.

APPENDIX B: THE IMPORTANCE OF
RESONANCE FREQUENCY TRACKING

The AcouTrap system is set up to record both the res-
onance frequency and the temperature of the circuit board
every 1 s. Upon turning on the piezoelectric transducer,
as the transducer heats up, heat dissipation causes both
the circuit board and water inside the capillary to increase
in temperature. The former can be measured, and the lat-
ter can be inferred by the shift in resonance frequency
from the change in speed of sound through water. Figure 8
shows the experimental results recorded with no applied
fluid flow, indicating a 4-kHz frequency shift for each
1 °C temperature increase. Note that the fluid temperature
would differ if instead there were an applied flow, replacing
heated fluid with fluid at room temperature.
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FIG. 8. Plot of experimental resonance frequency of the acous-
tic trapping capillary with increasing temperature. The temper-
ature probe measured integer °C of the circuit board temper-
ature and the resonance frequency of the water-filled capillary
are measured simultaneously. This plot demonstrates the linear
correlation between resonance frequency and temperature.
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FIG. 9. The experimental measurement of the frequency shift
(A resonance frequency compared to water-filled capillary with
no seed particles) as increasing numbers of fluorescent 10-pm

seed particles are trapped as a cluster for (a) polystyrene seed
particles and (b) silica seed particles.

A further experiment, recording the resonance fre-
quency, is performed with fluorescent seed particles
present (silica and polystyrene). Before aspiration, the res-
onance frequency of the capillary is recorded once the
frequency has stabilized. Seed particle clusters of vary-
ing sizes (from a small cluster up to the largest stable
cluster) are trapped and washed to remove excess. The res-
onance frequency of the capillary, with the washed cluster,
is recorded when the frequency is stable during a 60-s wait
with zero flow, before turning the sound off and collecting
the cluster by dispensing 150 pl of water into the 96-well
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@  Polystyrene seed particles

L ]

1. Aspirate seed particles 2. Wash off excess 3. Aspirate nanoparticles

»

4. Aspirate water 5. Wash off excess 6. Dispense cluster

()  Silica seed particles

1. Aspirate seed particles 2. Wash off excess 3. Aspirate nanoparticles

4. Aspirate water 5. Wash off excess 6. Dispense cluster

FIG. 10. Frames taken during each step of the NP trapping procedure (2 x 10'* particles/ml concentration exposure at 1/30 s) while
using seed particles made of (a) silica and (b) polystyrene. The following steps are captured in each image: (1) an empty capillary;
(2) seed particles (nonfluorescent); (3) NPs have reached the field of view and are enriched into the seed particle clusters, streaming
pattern faintly visible; (4) plug of NPs has been aspirated past the trapping region; (5) the NP plug has returned and washing off of
excess NPs is in progress; (6) washing is complete and the trapped NPs are ready to be dispensed.

plate. Each sample is added to a BD TruCount™ absolute ~ where the observed frequency shift was of the order of 1 Hz
counting tube (lot number 48150, BD Biosciences), with ~ per nonfluorescent 12-pum polystyrene bead.

which the particle count is measured by flow cytometry

(BD FACSCanto II). Figure 9 shows resonance frequency

shifts of up to 3 kHz for polystyrene clusters (around APPENDIX C: TIME-SERIES IMAGES FROM
0.3 Hz per bead) and up to 100 kHz for silica clusters NANOPARTICLE TRAPPING
(around 1.8 Hz per bead). This result for polystyrene beads Figures 10 and 11 show image sequences from NP

is of the same order of magnitude as found previously [42],  trapping experiments. These qualitatively show how NPs
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(a)

1. Aspirate seed particles 2. Wash off excess 3. Aspirate nanoparticles

4. Aspirate water 5. Wash off excess 6. Dispense cluster

30 pul/min washing flow rate t=760s

(b)

1. Aspirate seed particles 2. Wash off excess 3. Aspirate nanoparticles

4. Aspirate water 5. Wash off excess 6. Dispense cluster

200 pl/min washing flow rate =420 s

FIG. 11. Frames taken during each step of the NP trapping procedure (10 x 10! particles/ml) with silica seed particles and washing
flow rate (a) 30 pl/min and (b) 200 pl/min. These images have a higher magnification than previous ones, and grayscale maximum
has been reduced from 255 to 100 to increase brightness. The following can be seen in each image: (1) an empty capillary; (2) silica
seed particles (nonfluorescent); (3) NPs have reached the field of view and are enriched into the silica seed particle clusters, acoustic
streaming pattern faintly visible; (4) plug of NPs has been aspirated past the trapping region; (5) the NP plug has returned and excess
washing off of NPs is in progress; (6) washing is complete and the trapped NPs are ready to be dispensed.
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are enriched and then excess is washed off during
the trapping procedure. The images correspond to the
annotations given in the schematic fluorescence graph
in Fig. 4.
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