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ABSTRACT

Biomarker detection is an exciting field as new technologies are being developed for
more sensitive and robust detection. Among existing techniques, there exists a need for a point-
of-care, biocompatible, and affordable alternative to laboratory standards. In this work, the
possibility of an acoustically enhanced homogeneous immunoassay is explored. To confirm the
viability of our design, three steps were taken to validate our assay. First, enrichment of micro-
/nanoparticles is demonstrated by actuating a single vortex flow within a glass capillary that
combines the acoustic radiation force and the acoustic streaming force. Second, a simplified,
two-part assay is tested for functionality and sensitivity. Having displayed a clear linear
correlation between concentration and fluorescent intensity, a three-part assay is prepared and
tested as well. The results from these studies are promising and provide a novel method for

biomarker detection that could be used within a point-of-care platform in the future.
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Introduction

When a patient walks into a doctor’s office, four contributing factors are considered when
attempting to make a diagnosis: the information provided by the patient, a patient’s medical
history, a physical examination and any diagnostic tests that can be used to provide further
information.>? The first two factors are used to ascertain a list of possible conditions as well as
the likelihood of those possibilities based on a patient’s personal and family medical history. The
physical examination is the first step in collecting data about symptoms from the patient. Once
all of this information is gathered, the doctor has a list of possible diagnoses. To confirm that any
of the possible diagnoses are true, further tests must be used. The diagnostic tests chosen by the
doctor are situationally dependent and can range from imaging, such as an x-ray or CAT scan, to
a blood test.® One category of diagnostic tests are assays that measure the presence, and
sometimes the concentration, of certain molecules that provide information about the condition
of a patient. The specific molecules that are being measured are known as biomarkers. These
molecules can provide a wide range of information from the level of inflammation in tissue to
the functionality of an organ to the presence of an infection or cancer. Biomarkers can be any
biological molecule that is known to correlate with a specific condition, including cells,?

proteins,>® peptides,” RNA,? exosomes,®*° or hormones.*



ELISA

Biomarker detection and quantification is necessary for diagnostic purposes, so methods are
needed that provide the best balance of a number of factors based on the situation. Factors that
should be considered when characterizing a biomarker test include precision, sensitivity,
accuracy, resolution, specificity, cost, size, throughput, ease-of-use and turnaround time. A
number of different tests exist depending on the needs of a given situation, but the most common

test, and gold standard for laboratory detection is enzyme-linked immunosorbent assay (ELISA).
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Figure 1: Sample ELISA configurations'?

ELISA can be performed in a number of different configurations, but is generally conducted
within a well plate and relies on a detection enzyme that emits an optical signal when it is able to
properly connect to the target. ELISA configurations have two subsets, direct and indirect, and
these can refer to both the immobilization of the target and the detection of the target. The first
step in ELISA is the immobilization of the target. In direct immobilization, the solution being
measured is placed within a well and all the molecules are allowed to non-specifically bond to
the bottom of the plate. For indirect immobilization, antibodies specific to the target are first

immobilized on the well. Then, the solution is placed in the well for a period of time to allow



interaction between the antibody and target. The well is then washed to remove any molecules
that have not bonded to the immobilized antibodies. Once the target is immobilized on the
bottom of the well, it needs to be detected.

In direct detection configurations, an antibody complimentary to the target is linked to a
detection enzyme and added to the well where it can bond with the target of the assay. A
washing step is used to eliminate any non-bonded antibodies and then a substrate is introduced to
induce a detectable interaction with the detection enzyme. The intensity of the signal correlates
with the concentration of the target. Indirect detection methods are similar, with an intermediate
antibody added in the process. In this scenario, an (primary) antibody is added that bonds to the
immobilized target. After a washing step, a secondary antibody is introduced that is attached to a
detection enzyme. After another washing step, detection is conducted the same way as with
direct detection. The advantage of indirect detection is that more than one secondary antibody
can bond to the primary antibody, resulting in an enhanced signal. The advantages of direct
detection are the elimination of an extra washing step, as well as any possible cross-reactivity
with the secondary antibody. The detection enzyme can also be replaced with a different marker
(fluorescent, Raman etc.) to create a very similar assay that is not technically an ELISA. ELISA
tests are often used because of their high sensitivity, accuracy, specificity and throughput.

ELISA is used in situations where careful quantification is important and is therefore
conducted in a laboratory setting. ELISA is common in research laboratories as well as in
centralized medical facilities. These situations call for many samples to be tested at once for the
same biomarker and therefore the plate-well structure is advantageous. In other situations, an
easier to use and faster test is preferred that provides qualitative results. An example comparison

would be detection of Cystatin-C, a kidney function biomarker where small shifts in
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concentration are important,’3 vs a pregnancy test where the relevant information is whether or

not the test subject is pregnant. In the second example, the person buying and using the test does
not care about the specific amount of human chorionic gonadotropin in her system, just if enough

IS present to prove she is pregnant. In these type of scenarios, lateral flow assays (LFA) are

common.

Lateral Flow Assays

Lateral Flow Assay Architecture
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Figure 2: Schematic of a Sample Lateral Flow Assay. Top: Sample added to test strip, Middle: Analyte binds to
conjugated nanoparticles Bottom: Test lines examined to read result of assay**

LFAs, or strip tests, are single-use tests that do not require any trained personnel to operate.
LFA rely on capillary action to move a liquid sample across a series of regions that are
functionalized to create specific interactions with a target analyte. The test is composed of six

different components all connected on a substrate to improve the stability of the test. The sample
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being tested is added to the “sample pad” at one end of the strip. This region contains surfactants

and buffer salts to assist with future interactions further down the strip. The sample then travels
along the strip towards the “conjugate pad” where micro-/nanoparticles functionalized with
antibodies specific to the analyte are present. The particles are generally latex or colloidal gold
and either fluorescent or colorful to allow for easy detection. The sample then travels further
down the strip towards a detection zone, which contains both a test line and a control line. The
detection zone is composed of a porous membrane to allow for the motion of the particles with
or without attached biomarker targets. Within the detection zone is a test strip composed of a line
of antibodies for the biomarker target. If the biomarker is present, it attaches to the test line, and
the particles can be easily detected. Following the test line is a control line with antibodies to
capture the particles that do not have an attached analyte. This strip is used as a check to ensure
that the sample was able to properly flow along the strip. At the end of the strip opposite the
sample pad is an absorbent pad that creates capillary motion. This moves the sample across the
strip and also removes the remaining sample and particles that do not interact in the detection
zone. The entire process takes 5-30 minutes and provides a qualitative result that can easily be
read by simply looking at the location of the two lines. If two lines are present, the target
biomarker is present; if there is only one line it is absent. LFAs are also homogeneous (wash-

free), and therefore easier to use than ELISA.

Aggregation Assays

Another important category of biomarker assays are aggregation assays which are classified

together because they all fundamentally depend on the aggregation of particles for detection. The



simplest example of an aggregation assay is the agglutination assay. In this assay, a target
analyte is mixed into a solution containing micro-/nanoparticles that have been functionalized
with a capture molecule (often an antibody) specific to the target. Initially, the solution is
uniform, in turbidity and color. After gentle mixing, the functionalized particles begin bonding
with the analyte (if it is present) and forming an aggregate. Note that for this test to work, the
target must be able to bind with an antibody at multiple locations on the molecule. Once the
particles begin aggregating together, a property of the solution changes which can be detected
either visually or with the help of a specialized tools. Examples of agglutination assays include
latex agglutination tests in which functionalized .9 um latex particles are used as the capture
mechanism.!>18 If the target is present, the aggregates that form are sufficiently large that they
can be visualized with the naked eye as small particles within the solution. If no target is present,
the solution appears entirely uniform. Another variant of the agglutination assay uses gold or
silver nanoparticles and their unique optical properties for detection.?” The localized surface
plasmon resonance of these metal nanoparticles results in strong absorption peaks that change
based in size, shape and inter-particle distance. By using these particles in agglutination assays, a
discernable color change can be detected when aggregation occurs, for example from red to blue,
as the target analyte is added to the solution. Detection of DNA and RNA can be done using a
similar configuration but with strands complementary to the start and end of the target added to
particles. If the target DNA/RNA is present it serves as the linker between particles, bringing
them close together.

Another assay that relies on the aggregation of particles is the immuno-fluorescence assay.
This assay, similar to the agglutination assay, relies on the use of functionalized particle to

capture a target analyte. The binding created between analyte and particle is not used to create



inter-particle interactions in this case, as in the agglutination assay, but instead promotes the
binding of several analytes to a single particle. Once the analyte and particles have had sufficient
time to interact, a secondary antibody with a fluorescent marker is added to the solution and
bonds to the analytes. Detection is accomplished by measuring the fluorescent intensity of each
of the beads through a flow cytometry unit. In order to increase the sensitivity of the assay to a
usable level, it must be conducted with a small number of beads with a high concentration of
antibodies coating the particle. Aggregation is needed to successfully complete this assay in
order to concentrate the few beads and deliver them to the detection site.®

Two different components are essential to aggregation assays and have been the focus of
extensive engineering advancements. The first of these components is the particle used as the
capture base in the aggregation assays. Many modern assays focus on the use of smaller particles
as they have a higher surface area to volume ratio, increasing the amount of capture surface
available to complete the assay. Nanoparticles in particular have been the focus of extensive
research from a materials perspective and are essential for certain assays such as those that use
changes in LSPR for detection.t”1%2% Another reason nanoparticles are widely used in bio
sensing applications is that they can be purchased at a very low cost.

The second key component that has been extensively studied that plays an important role in
aggregation assays is aggregation methods. Agglutination assays can be done without any
external forces, but their sensitivity, speed and limit-of-detection can be greatly enhanced by
increasing the localized concentration of particles. Immune-fluorescence assays are inherently
dependent on aggregation methods to function. A number of different techniques for aggregation
have been studied and what follows will be a review of the more prominent approaches to

controlling micro-/nanoparticles.



Aggregation Methods

Magnetophoresis

Magnetophoresis is a process that uses magnetic fields to control the motion of magnetic
particles in a viscous medium. The process uses the magnetic force exerted by a magnetic
gradient on these particles to overcome the viscous drag force and gravitational forces also
experienced by particles. The magnetic force is proportional to the volume of the particle, as is
the gravitational force on the particle. The drag force however, scales with the radius of the
particle. There exists therefore a critical radius at which this process is no longer able to function
as the magnetic force cannot overcome the drag force.?! This process has been used for particle
separation devices.?? Magnetic particles can therefore be used as tags to label and isolate
biological targets, and can be conducted in stationary systems as well as continuous flow
systems.?® This process exhibits a size limit in regards to the particles that can be controlled that
can be improved through the use of stronger magnetic field gradients or materials with higher
magnetic inductance. This process is also limited in its ability to only control magnetic particles,
offering no control for polystyrene or silica particles which are common in bio-sensing

applications.

Electrophoresis

Electrophoresis is similar to magnetophoresis but instead utilizes an electric field to
control the movement of electrically charged particles. The electric force on a particle is

independent of the size of the particle and is proportional to the electric field times the charge of



the particle. When this force is balanced with the Stokes drag force, the particle will have a

velocity:
vV=— (1)

Where & is the Stokes drag which is proportional to the radius of the particle. Electrophoresis
does not have a size requirement for its use, but it does have practical limits as large charges and
small sizes create larger velocities.?* The most common use of electrophoresis is in gel
electrophoresis, where molecules are forced through a gel by an applied electric field. The
molecules often have similar charges, and therefore the distance traveled by each of the
molecules is dependent on size. Within microfluidic environments, electrophoretic separation
can be used on small charged particles to create label-free assays.? Electrophoretic forces could
theoretically be used to force aggregation of particles, but they are almost exclusively used as a

method for separating out particles.

Optical Control

The first successful experiment using light to control particles was conducted by A. Ashkin
at Bell Labs in 1970. In his seminal paper, he describes the first use of light to create a radiation
pressure, independent of heating the sample, to control the movement of microparticles.? In
modern applications, this technology is often referred to as optical tweezers or an optical trap.
The technique uses an optical gradient created by either counter-propagating laser beams, or
more commonly today, a single beam focused to a diffraction-limited spot. The mechanism by
which this process works is dependent on the size of the particle and the wavelength of light.

There are two main ways of explaining the forces involved in optical tweezers. In the case of
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micrometer sized particles, the trapping phenomena is explained by a change in momentum of

light as it passes through the particle and assumes that the size of the particle is much greater
than the wavelength of the light. This is known as the Mie regime. When a photon is refracted or
reflected by the particle, a change in momentum in the photon occurs. According to Newton’s
third law, the particle must then experience an equal and opposite force. Figure 3 displays the

momentum changes in the photons as well as the resulting gradient force on the particle.

Figure 3: Radial gradient force (Left) and axial gradient force (Right) from optical beam. Green and Blue
arrows represent forces from reflecting and refracting rays respectively. Red arrows represent resulting gradient forces?”

The result of the forces exhibited by the light gradient create an initial radial focusing
along the axis of the beam, followed by an outward force along the axis of the beam in the
direction of the beam. The other explanation of optical trapping operates in the Rayleigh regime
where it is assumed that the wavelength of the light beam is much greater than the size of the

particle. In this regime, the force is explained as an electrodynamic force in which the particle, a
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dipole, in a gradient electric field experiences a force in the direction of the electric field

gradient. The regime in between these two is not well understood and is a current field of
research.?’ This technology can be applied to a large range of size scales from atoms? to
viruses? to microscale particles such as cells.*® The forces involved in optical tweezers are often
on the scale of piconewtons and therefore too weak to focus larger objects. Optical tweezers have
been utilized in many applications including the sorting and separation of cells and particles as
well as to aggregate those particles.® This technique has many advantages including the
dependence on only the particles size, as well as the ability to focus a large range of particles
with varying magnitude of forces. One disadvantage of this technology involves its usability
outside of the lab as it normally requires expensive equipment that is not portable and requires a
trained professional to operate. Biocompatibility can also be a concern when high power lasers

are used to increase the force created by the optical device.

Acoustic Control

Acoustic control of particles is often done through the creation of standing pressure
waves known as resonance modes. These modes are created by an acoustic wave at low
frequencies combining with the speed of sound in water to create wavelengths of about 1 mm.
These standing waves are reproducible, stable and controllable. They control the motion of the
particle either directly, through an acoustic radiation force, or through the flow of the
surrounding medium, known as acoustic streaming. The acoustic radiation force is a result of the
scattering of the acoustic waves on the particle. The force from acoustic streaming experienced

by a particle is a result of the viscous drag force exerted by its surrounding medium as a specific
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flow pattern is induced by the acoustic wave. These forces can be supplied by either bulk

acoustic waves (BAW), which travel through the body of a material, or surface acoustic waves
(SAW), which travel along the surface. SAW are often preferred because they are more versatile
and flexible in application as compared to BAW. SAW devices are also more energy efficient
and easier to mass produce. When a SAW comes in contact with a liquid, it creates a longitudinal
wave that is responsible for the acoustic radiation force and force induced by acoustic streaming.
The SAW are generated by a set of Interdigital transducers (IDTs) on top of a piezoelectric
substrate. A radiofrequency electric signal is directed through the IDTs, propagating mechanical
stress through the piezoelectric substrate as a SAW with displacement amplitude of about 10 A.
Acoustic devices are advantageous to optical devices in that they are often simple and compact
while retaining the biocompatibility of low power optical tweezers. The power and frequency
used in SAW based technologies is in fact very similar to that used in ultrasonic imaging, which
has been proven to be incredibly safe. One limitation however, is that existing acoustic
technologies are unable to control particles smaller than ~2 um diameter. The purpose of this
project was to explore a new acoustic resonance mode that would combine the effects of the
acoustic radiation force and the force induced by acoustic streaming to allow the control of
smaller particles than previously demonstrated and apply this technique to create an assay that

draws on the advantages of SAW technologies.



Operating Principle .

As mentioned in the Introduction, particles in an acoustic field within a fluid experience
both an acoustic radiation force and a hydrodynamic viscous force (Stokes drag force) as a result
of acoustic streaming. The acoustic radiation force is proportional to the radius of the particle
raised to the third power. The drag force is proportional to the radius of the particle. Therefore,
the radiation force is dominant in larger particle regimes, while, after a certain crossover
diameter, the drag force outweighs the radiation force for smaller particles. This crossover
diameter was numerically calculated by Muller et. Al to be about 2 um.3! In practice, this causes
many existing acoustofluidic technologies to have a lower limit on the size of particles that can
be manipulated as they rely on the acoustic radiation force. If a smaller particle were placed in
one of these devices, either the acoustic streaming would dominate the motion of the particle, or,
in the absence of flow, by the random Brownian motion of the particle and surrounding fluid. In
the case of an aggregation assay, this means that only those particles above a given diameter can

be effectively focused.

Chirped |8 Glass capilary

Figure 4: Schematic of device used to enrich nanoparticles

The aggregation assay presented here combines the acoustic radiation force with the
acoustic streaming force to create a focusing effect in both the x- and z-direction that can operate

on significantly smaller particles than the acoustic radiation force alone. The device used in the
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assay, seen in Figure 4, is composed of chirped interdigital transducers (IDTs) fabricated on top

of a lithium niobate (LiNbO3) substrate that functions as a base for the device. The IDTs
generate a surface acoustic wave (SAW) when a radio frequency is applied that travels in the x-
direction towards a square glass capillary bonded to the base through a UV epoxy. The SAW
travels through the substrate to the UV epoxy before propagating through the epoxy to the glass,
actuating a specific vibrational mode in the square glass capillary. This action in turn creates an

acoustic streaming mode with a single vortex centered on the y-axis of the capillary.

Figure 5: Results of numerical studies: A) Displacement of glass capillary walls as a result of SAW B) Streamline
and velocity vectors of acoustic streaming C) Acoustic radiation force distribution D,E) Pathline and trajectories of 500
nm and 220 nm polystyrene particles respectively at 3.574 MHz

This vortex is created by the vibration of the capillary walls as shown through numerical
studies. The two side walls (parallel to the y-z plane) vibrate in phase while the top and bottom
walls (parallel to x-y plane) vibrate out of phase. This vibrational mode can be seen in Figure 5A
at a frequency of 3.574 MHz. An animation of this mode can be found in the supplemental

information of Mao et. al. 2017.32 This torsional vibration mode creates acoustic streaming as
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seen in Fig. 5B. Coupled with the acoustic radiation force as seen in Figure 5C, the two forces

work together to enrich the nanoparticles in solution as seen in Figure 5D,E. It is worth noting
that that similar vibrational modes were possible in non-square, non-glass capillaries as seen in
the supplemental information of Mao et.al.®?

If a particle were placed within the capillary while the SAW was being actuated, it would
be forced towards the y-axis or center from a cross-sectional view. The particle would
experience the acoustic radiation force shown in Fig. 5C as well as the hydrodynamic viscous
force shown in Fig. 5B. For small particles (<2 um), the acoustic radiation force would play a
more minimal effect. Conversely, the acoustic streaming force would have a large impact on the
motion of the particle, which would flow with the vortex created by the torsional vibration of the

capillary. According to Barnkob et al., the critical diameter at which the two forces are equal

_ 6v
= 134 (2)

Where a is the critical diameter, v is the dynamic viscosity of the liquid, @ is the acoustic

can be calculated using the equation:

contrast factor (depends on the properties of the liquid and particle), and o is the angular velocity
of the particle. For a polystyrene in a standard acoustic resonator, the critical size is around 1.6
um. By combining the impact of both forces, even particles that are too small to be impacted by
the acoustic radiation force alone can be concentrated at the center of the capillary as is shown in
Figure 5E which displays the numerical focusing of 220 nm polystyrene beads. The increased
path length in the 220 nm particles simulation as compared to the 500 nm simulation is due to the
significantly reduced impact of the acoustic radiation force, therefore causing the smaller

particles to flow in a circular vortex taking longer to focus along the center of the capillary.
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Methods and Materials

The devices used to focus the particles in this study used a lithium niobate substrate (Y
+128° X-propagation, Red Optronics, USA) as a base. Fabricated onto the substrate were chirped
interdigital transducers (IDTs) containing twenty pairs of electrodes. The IDTs are composed of
two metallic layers (Cr/Au, 50 A/500 A) that were added to the substrate by a photolithography
process followed by an e-beam evaporation process. Two different devices were used during the
experiments, the first with an operating range of 3.3-7.0 MHz and the second with an operating
range of 6.3-19.8 MHz. The chirped IDTs had the electrodes spaced at linearly increasing
intervals from 140 to 330 um and from 50 to 160 um for the first and second device respectively.
The front opening for both of the chirped IDTs is 30 um. A square cross-section glass capillary
was bonded to the base using a UV epoxy (NOA 61, Norland Optical Adhesives, USA) as an
adhesive. The capillary for the first device had outer dimensions of 400 um x 400 pym x 10 mm
and inner dimensions of 200 um x 200 pm. The capillary for the second device had outer
dimensions of 200 pm x 200 pm x 10 mm and inner dimensions of 100 um x 100 pm. The
capillary was placed in parallel with the IDTs at a distance of 120 um above the substrate. UV
epoxy was placed between the capillary and the substrate. The epoxy was solidified through

exposure to UV light for 15 minutes.



17

Figure 6: UV light used to harden epoxy

The polystyrene beads (110 nm, 220 nm and 530 nm fluorescent, 500 nm non-
fluorescent) were purchased from BangLabs, Inc. (USA). The silica beads (80 nm and 200 nm)
were purchased from nanoComposix (USA). The bovine serum (BSA)-biotin used to coat the
nanoparticles for the immunoassay was purchased from BioVision (USA). The Alexa 488-
streptavidin used in the two-part assay was purchased from Invitrogen (USA). The streptavidin
and DyLight 488-antistreptavidin antibody used in the three-part assay were purchased from
Vector Laboratories (USA). The silica nanoparticles used in both of the immunoassays were
prepared by mixing 50 pL at 10 mg/mL of nanoparticle solution with 200 puL at 2 mg/mL of
BSA-biotin and incubating for 12 hours at 4 °C. The mixed nanoparticle solution was then
centrifuged as 4500 g for 15 min followed by washing with phosphate buffer solution (PBS)
purchased from Sigma-Aldrich (USA) to form 50 uL of washed solution. For the two-part assay,
2 uL of the washed nanoparticle solution was mixed with 20 uL. of Alexa 488-streptavidin
solution at concentrations of .9 nM, 1.8 nM, 9.0 nM and 18.0 nM at room temperature for 30 min
to facilitate bonding between the two solutions. This was the final solution injected into the
device for testing. For the three-part assay, 2 uL of the washed nanoparticle solution were mixed

with 20 pL of the streptavidin solution at .9 nM, 1.8 nM, 9.0 nM, 18.0 nM and 36.0 nM
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concentration for 30 min at room temperature. The two solutions were then centrifuged at 4500 g

for 15 min and then mixed with 20 puL of DyLight antistreptavidin antibody solution at
concentrations of 2.5 pg/mL, 5.0 pg/mL, 10.0 pg/mL and 20.0 ug/mL) at room temperature for

30 min.

MODEL A150
RF POWER AMPLIFIER

Wi

g .
P
-

& . . .
. . R A
e o A

. AR ‘ Sy

ier b) radio frequency

o T

Figure 7: Equipment used to activate device and collect measurements a) power amplif
function generator c) microscope

All experiments were conducted with the device attached to the stage of a microscope
(TE200U, Nikon, Japan). The AC signals used to generate the SAW was created by an RF signal
generator (E4422B, Agilent, USA) that was amplified (100A250A, Amplifier Research, USA) to

provide the required power to activate the focusing device.
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Results and Discussion

Note: the data and results discussed below where the result of a collaborative effort that

resulted in the publication of Mao et al. 2017.%

Figure 8:1mage of capillary region directly above the UV epoxy before (Top) and after focusing (Bottom)

The first series of experiments conducted were intended to verify the numerical
simulations of the single-vortex nanoparticle focusing process. The initial study was conducted
by injecting a solution of 500 nm polystyrene particles in a PBS solution into the glass capillary.
A radio frequency of 3.574 MHz was applied to the IDTs, directing SAW towards the 200 pm x
200 um cross section glass capillary for one minute. After the activated period, images were
collected in the region directly above the UV epoxy binding the capillary to the substrate. Figure

8 displays the visually identifiable focusing of particles in the center region of the capillary.
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SAW off SAW on

Figure 9: A) top view of glass capillary containing 530 nm fluorescent polystyrene
particles before and after focusing B) cross section of glass capilary before and after focsuing
displaying focusing in both the x- and z-direction. 1-5 correspond to the labeled locations in A.
The scale bars represent 100 pm

Confocal microscopy was used to confirm the 2-D focusing as predicted in the numerical
models. These models were replicated using fluorescent polystyrene 530 nm particles. The

effective focusing region was about 2 mm away from the epoxy.
A B

220 nm Polystrene beads 200 nm Silica beads

Figure 10: Experimental results of focusing 220 nm polystyrene (A) and 200 nm silica (B) beads within a 200 pm
X 200 pm capillary by the activation of 3.574 MHz SAW. Focusing of 110 nm polystyrene (C) and 80 nm silica (D) beads
within a 100 pm x 100 pm inner cross section glass capillary by the activation of 7.138 MHz SAW.
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Following the replication of the single vortex acoustic flow that was first demonstrated

numerically, further experiments were done to explore the limits of this enrichment technology.
The 220 nm polystyrene particles that were initially numerically modeled were able to be
completely focused at the center of the glass capillary through a spiral motion created by the
hydrodynamic viscous force followed by pushing to the center by the acoustic radiation force.
The 110 nm polystyrene particles were not focused as precisely. It is theorized that this is
because the acoustic radiation force is much smaller for these particles, and therefore only the
hydrodynamic viscous force plays a role in the concentrating of the particles. Therefore the 110
nm particles are pushed towards the general center of the capillary by the spiral flow but do not
form a compact line because of the lack of an acoustic radiation force. To be able to accurately
focus the 110 nm particles, manipulations were made to the device design to increase the ratio of
the acoustic radiation force and the hydrodynamic viscous force. This was accomplished by
increasing the frequency of the generated SAW that actuate the capillary. This was accomplished
by modifying the device to operate at 7.138 MHz and the capillary to have 100 um x 100 um
dimensions. This device was fabricated in the same way as the other device, but with a change in
electrode pattern and a different capillary. Another important parameter in the ratio of forces
interacting with particles in this system is the density of the individual particles. The increased
density and hardness of silica particles increases the acoustic contrast force between the particles
and the liquid, increasing the critical diameter and the ratio of forces. The acoustic streaming
force does not account for the material of the nanoparticle, and since the acoustic radiation force
increases with increases in the acoustic contrast force, the ratio of the two forces creates a more
favorable environment for the focusing for smaller particles. Using these modifications to the

original experiment, 110 pm polystyrene particles and 80 pum silica nanoparticles were
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successfully and precisely focused. Using two different capillaries to generate the single vortex

flow also suggests the ability to use the technique in a variety of capillaries with modifications

needed to match the SAW to the corresponding necessary frequency in the new capillary.
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Figure 11: Initial design for homogeneous immunoassay using aggregation to control detection

In order to utilize the acoustofluidic advance of being able to focus nanoparticles within a
glass capillary, we designed a homogeneous immunoassay with the hopes of coupling the
aggregation force of the acoustic mechanism with the detection sensitivity of ELISA, while
limiting the need for highly trained personnel. The assay consists of three main components: 1)
the biomarker being detected 2) nanoparticles functionalized to antibodies for the select target,
and 3) a fluorescent marker, also functionalized to attach to the select target. These three
components will be referred to as the connector, anchor and marker respectively. If all three
components are present, they form a conjugate that is then focused to the center of the capillary
using the nanoparticle as an anchor. The relative intensity of fluorescence in the center of the
channel will then increase significantly as the concentration of fluorescence markers increases. If
the target biomarker, or connector, is not present however, the fluorescent marker and the

nanoparticle anchor are not joined together. The fluorescent marker is too small to be focused by
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either the acoustic radiation or the acoustic streaming force, and therefore the intensity of the

signal at the center of the channel does not change. Instead, a diffuse, weak signal pervades

throughout the capillary.
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Figure 12: A) Simplified two-part assay B) Top view of glass capillary before and after activation of SAW for
PBS control group (200 nm silica particle in PBS solution) and test group (200 nm silica particle and 9.0 nM streptavidin)
C) Fluorescent intensity at varying streptavidin concentrations D) signal enhancement ratio at varying streptavidin
concentrations

To test the viability of such an assay, we began by testing a simplified, two-part assay.
Here, we used biotin-modified nanoparticles to detect streptavidin. 200 nm silica particles were
prepared by coating them with bovine serum biotin. In preparation for the immunoassay, the
nanoparticles were mixed with Alexa 488 labeled streptavidin in a PBS solution for 30 min.

After mixing, the solution was injected into the capillary where images were collected before and
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after activating the SAW to measure the change in fluorescent intensity. Figure 12B compares

fluorescent images taken before and after activating the SAW to establish the torsional
vibrational mode in the glass capillary, as well as a control experiment in which no fluorescent
markers were added. In the control, the biotin-coated nanoparticles are injected into the capillary
in a PBS solution without the addition of the fluorescently labeled streptavidin. In the main
experiment, a clear change in relative fluorescent intensity is visible to the naked eye. The silica
particle serves as an anchor when attached to the streptavidin molecule, effectively dragging it
along as the silica nanoparticles are focused due to the single vortex flow within the capillary. In
the “off” condition for the experiment, a very weak background fluorescent signal can be
measured by a high-sensitivity CMOS camera due to the randomly dispersed fluorescent
markers. However, the “on” case displayed a significant enhancement factor and therefore
requires no further washing or purification steps for analysis.

Once the viability of the assay was confirmed qualitatively, the next test was to explore
the use of this assay in a quantitative mode. Experiments were conducted by maintaining the
nanoparticle- biotin concentration constant while varying the concentration of the prepared
streptavidin from .09 nM to 18 nM. Fluorescent intensity measurements were collected after
activation of the single vortex flow and compared to pre-focusing images. This data is plotted in
Fig. 12C and displays a very strong linear correlation between streptavidin concentration and
fluorescent intensity. This linear relationship enables the quantification of unknown samples as
the concentration can easily be calculated from the fluorescence intensity measurement.
Furthermore, the fluorescent intensity measurements after focusing were compared to those
collected before focusing. The samples displayed a ~10-30-fold enhancement for the .09 nM and

18 nM samples respectively.
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Figure 13: A) schematic of full three-part assay B) Fluorescent images collected using varying concentrations of
streptavidin within an environment with 200 nm silica particles and fixed antibody concentration C) Fluorescent intensity
with respect to varying streptavidin concentration D) Signal enhancement ratio with respect to varying fluorescent
markers

While useful in displaying the possible advantages to bioassays, this set of experiments
relied on an oversimplified model to confirm its viability. As an acoustofluidic immunoassay,
this technology must be able to detect streptavidin concentration without any prior labeling. In
the previous studies, the fluorescent markers were attached to the streptavidin before mixing with
the nanoparticles. To further explore the viability of an acoustofluidic immunoassay based on the
enrichment of nanoparticles within a capillary more studies were required where the target
molecule did not have any modifications before the monitoring step. In the new assay, three
different components were mixed together prior to injection in the capillary. These three parts
correspond to the components of the earlier described planned assay. Biotin coated silica

nanoparticles were once again used in this assay. The target in the assay is streptavidin molecules
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with varying concentrations. The marker for this assay was a DyLight 488 fluorescent dye

attached to an anti-streptavidin antibody. In order to promote the binding of each of the
components of the assay, the streptavidin molecules were mixed with the biotin-coated
nanoparticles for 30 minutes, followed by mixing of the solution with the fluorescent markers.
Following the one hour preparation period, the solution was injected into the capillary just as in
the previous assay. Once the solution is loaded in the capillary, the SAW were activated,
focusing the nanoparticles and attached molecules to the center of the channel. Figure 13B
displays the fluorescent enhancement that occurs after the activation of the acoustic focusing. A
control sample of nanoparticles and fluorescent markers was prepared without the streptavidin to
serve as a connector. In this control configuration, no signal change is detected because the
fluorescent dye and antibody are too small to be affected by either the acoustic radiation force or
the acoustic streaming force. Brownian motion dominates in this regime and therefore the
molecules remain randomly dispersed in the capillary after applying the SAW. It is expected that
the nanoparticles were focused in the control experiment based on the earlier results, although
they cannot be detected through fluorescent imaging. This differentiation in focusing capabilities
between the streptavidin solution and PBS control solution is the foundation for the
acoustofluidic immunoassay.

Similar to the simplified assay, further experiments were needed to confirm the viability
of the three-part assay as a quantitative tool as well as a qualitative one. The first test maintained
a constant concentration of nanoparticles and fluorescent markers (2.5 ug/ml) with the
concentration of streptavidin as the independent variable. Streptavidin concentrations were
varied from .9 nM to 36 nM. As in the two-part assay, a linear relationship was observed

between the concentration of the target molecule and the fluorescent intensity detected. These
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results confirm the quantitative capabilities of the more general and realistic three-part assay that

functions as a homogenous immunoassay. Figure 13B also investigated the role of changing the
marker concentration from 2.5 pg/ml to 20.0 pg/ml while maintaining the streptavidin
concentration constant at 18.0 nM. Marker concentration displayed an inverse parabolic
relationship with signal enhancement ratio. Increasing anti-streptavidin concentration at first
increases the signal enhancement ration before reaching a peak at around 5.0 pg/ml. Further
increases in DyLight 488 anti-streptavidin concentration resulted in a decrease in signal
enhancement. It is theorized that this occur because the maximum amount of possible bonding
occurs at 5 pg/ml while any further increase does not result in the formation of any further three-
part conjugates because all the streptavidin molecules are already being used. Therefore,
increasing the concentration of the fluorescent markers increases the background signal before

activating the SAW but does not result in any change in the concentrated signal after focusing.

Conclusion

The detection process using this platform is exceedingly simple in relation to existing
tests such as ELISA because it requires a single step for detection. Once the sample is injected,
the SAW must be turned on for a set period of time and then detection can take place
immediately afterwards. No intermediate washing step is required because the relative change in
fluorescent intensity is sufficient to differentiate between a range of concentrations along a linear
scale. The preparation for this procedure consists of mixing all the components of the assay
together, a task that could be completed in a microfluidic environment. Integration of this assay

with other microfluidic components open the door to utilization by non-highly trained personnel



(as ELISA requires). Coupled with high speeds, low power requirements and quantitative
capabilities, this assay has exciting potential for point-of-care applications as diagnostic and

monitoring tool that can take treatment out of the lab and to the bedside or home of patients.
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