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Abstract

Thome, Cooper Paul (Ph.D., Department of Chemical and Biological Engineering)
Active and Responsive Microparticle Systems for Biomolecule Detection

Dissertation directed by Assistant Professor C. Wyatt Shields IV

Detection of biomolecules from fluid samples using both qualitative and quantitative
assays is essential for patient diagnosis, disease monitoring, and public health surveillance, among
other applications. Numerous factors impact assay performance, workflow requirements, and
potential end-use cases. These factors include the target biomolecule type, the type of matrix from
which the biomolecule is to be detected, and the type of biorecognition elements that can interact
with the target. Many qualitative assays benefit from user-friendliness, minimal points of error,
and simple signal readouts that eliminate the need for complex instrumentation; however, they
often fail to detect rare biomolecules. Moreover, while convenient for rapid testing, they typically
cannot yield quantitative results, which lessens their usefulness in some areas. Quantitative assays,
however, have the capacity to provide numerical readouts that offer a more comprehensive
understanding of patient conditions. However, such assays commonly have multiple potential
points of user-related error that can lead to false results; moreover, they often necessitate extensive
user engagement and the use of complex, expensive, and bulky instrumentation, ultimately limiting
their use to specialized laboratory settings.

This dissertation presents multiple projects that focus on the engineering of microparticle
systems to drive advancements in quantitative biomolecule detection approaches by simplification

of signal transduction methods and assay processing requirements. To simplify signal transduction
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methods, we show proof-of-concept for a label-free, motion-based biomolecule detection system
using active particles that propel via induced-charge electrophoresis (ICEP). We prepare induced-
charge electrophoretic microsensors (ICEMs) for the capture of two model biomolecules and show
that the specific capture of biomolecules leads to direct signal transduction through ICEM speed
suppression at low concentrations. We further present dielectrophoretic polarizability
measurement (DPM) as a method to study the effects of surface modifications on the polarizability
of surfaces in systems that leverage induced-charge electroosmotic flows and study to the speed
of surface-modified particles similar to ICEMs that propel by ICEP. Through use of this method,
we show that ICEM speed suppression upon protein capture likely arises from both changes to the
surface polarizability of the particle as well as interactions of the particle with solid surfaces.

To simplify assay processing requirements, we present a new a class of acoustic-responsive
microparticles, termed functional negative acoustic contrast particles (fNACPs), and a handheld,
ergonomic acoustic pipette for the rapid, sensitive, and user-friendly detection of biomolecules.
The fNACPs are decorated with biorecognition motifs for the specific capture of target biomarkers
from whole blood, and the acoustic pipette contains an acoustofluidic trapping channel in which
fNACPs are robustly trapped and rapidly separated from whole blood. Using this system, we
demonstrate the detection of an antibody biomarker from whole blood at picomolar levels. Finally,
in a separate project, we present a multiplexed fNACP assay for the simultaneous detection of
multiple biomolecules from single samples, as well as a high-throughput, siphon-based
multichannel acoustic separator for the simultaneous separation of fNACPs from multiple samples.
Overall, the findings presented in this dissertation provide numerous advancements in the fields of

particle-based biomolecule detection, acoustofluidics, and electrokinetics, among others.
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“What I want to talk about is the problem of manipulating and controlling things on a small scale”

—Richard P. Feynman, 1959

“SodoI”

—Cooper P. Thome, 2024
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Chapter 1: Introduction

1.1 Biomolecule Detection

Detection of biomolecules, a process known as biosensing, is essential for a myriad of
applications including patient diagnosis,' disease management,? and environmental monitoring.>*
While there exist a vast number of biomolecule detection approaches, all incorporate three main
elements: a target biomolecule, or biomarker, being detected (e.g., small molecules, proteins,
nucleic acids), a recognition element that specifically identifies the target biomolecule, and a
transducer that converts biomolecule recognition into a measurable output signal.*-¢

Design of biomolecule detection assays is a multifaceted challenge, and a great number of
factors impact eventual assay performance, workflow requirements, and potential end-use cases.
These factors include biomolecule target type (e.g., high molecular weight proteins >~60 kDa,
small molecules < 1 kDA),” the type and content of the matrix from which the target is to be
detected (e.g., blood, saliva, wastewater), and the type of biorecognition elements that can interact
with the target (e.g., aptamers, antibodies),!’"!> among others. One of the predominant factors that
influences both assay end use and workflow requirements is the signal that is transduced upon
target recognition. Some of these signals (e.g., appearance of visible lines) are simple in nature
and can be interpreted by the unaided eye, while others are too complex or subtle to be perceived
without the use of additional equipment (e.g., minor changes in magnitude of fluorescence).'?

While the utilized assay signal does not solely dictate the end-use applications of an assay,
it does often influence the classification of the assay within two broad categories — qualitative or

quantitative assays — that both hold distinct value for patient diagnosis and disease monitoring.!#!>



Many qualitative assays benefit from user-friendliness, minimal points of error, and simple signal
readouts that eliminate the need for complex instrumentation; however, they generally fail to
enumerate biomarkers or detect rare (e.g., picomolar-level) analytes. For example, lateral flow
assays (LFAs) are implemented widely for point-of-care (POC) testing due to their ease-of-use
and simple signal readouts. LFAs often utilize gold colloid-conjugated recognition elements that
can be immobilized in a defined region of a sample pad in the presence of target biomolecules,
yielding a signal that can be easily analyzed by eye.!%!” While convenient for rapid testing, LFAs
typically cannot yield quantitative results, which lessens their usefulness in evaluating immune
states on the individual and population-levels, among other applications.!®!” Quantitative assays,
however, have the capacity to provide numerical readouts that offer a more comprehensive
understanding of patient conditions. Enzyme-linked immunosorbent assays (ELISAs) are
considered the gold standard for quantitative biomarker detection due to their ability to provide
high sensitivity and specificity; however, ELISAs entail numerous blocking, labeling, and washing
steps that require significant user engagement for several hours.?2! As a result, this assay and
others like it introduce multiple potential points of user-related error that can lead to false results;
moreover, ELISAs necessitate the use of complex, expensive, and bulky instrumentation for both
processing and measurement of the complex and subtle colorimetric signals generated during the

assay, ultimately limiting the use of ELISAs to specialized laboratory settings.

1.2 Active and Responsive Particle-based Biomolecule Detection
Active and responsive colloidal particles convert energy in their surroundings to
locomotion, either by locally dissipating energy to drive motion at small length scales, as is the

case for active particles, or by responding to a global energy gradient, as is the case for responsive
2



particles.?? Such active and responsive particles have found use in a multitude of applications,

23-26 30-32

including drug delivery,?*~2% cell manipulation,?’~?° flexible electronics,**? and cargo transport.*3

37 These particles can be propelled by various energy sources, including magnetic,’*#?

24,4446 33,47-50

acoustic, and electric fields, as well as catalytic reactions.’! > In recent years,
researchers have developed numerous approaches to detect biomolecules using both active,
responsive, and inactive nano- and microparticle-based systems.>¢->° Compared to traditional, non-
particle-based biomolecule detection assays, such as ELISAs, particle-based assays can enhance
the detection of biomolecules by improving sample mixing, reducing required sample volumes,

21,60,61

and imparting additional assay tunability. These assays are generally classified by their

output signal, with the most commonly demonstrated classes being electrochemical and optical;

thus, signals generated by recognition events often manifest as changes in electrical signal,%%-63

61.64 or fluorescence.’>%> Because these signals require complex or nonstandard

solution color,
equipment for signal measurement (e.g., ultraviolet-visible spectrophotometers,’! fluorimeters®),
systems that generate easily measured signals are of great interest for both point-of-care and
laboratory-based assays.

To simplify detection assay signals, relative to those of electrochemical or optical
biosensing approaches, a handful of groups have demonstrated active-particle-based systems in
which biomolecule concentration is correlated with particle motion using optical

68.69 or direct visualization by colorimetric analysis.”®

microscopy,’6¢¢7 mobile phone imaging,
Despite these advancements, in a majority of the motion-based detection approaches developed
thus far, biomolecule concentration and motion are only indirectly linked, and the capture or

presence of the target biomolecule does not innately lead to signal production. Instead, use of

additional components such as enzymatic,’® antibody-based,’”-8 or metallic labels®!%¢ are required

3



to produce a change in motion. Introduction of these additional components inherently complicates
systems by introducing new modes of failure and necessitating extra steps that increase assay time.

A number of particle-based technologies have also been developed to simplify workflows
of quantitative assays that utilize complex signals. For example, magnetic bead-based separation
is often employed to capture and isolate molecules and cells from complex samples for
downstream analysis and detection.”!’> However, this approach can involve long separation times
(i.e., multiple minutes before wash steps), is not easily scalable, and is prone to particle loss during
particle wash steps, ultimately resulting in the loss of target molecules.”>”> Other bead-based
technologies, which sometimes also utilize magnetic beads for sample separation, enable
multiplexed assays in which a range of biomarkers can be detected simultaneously.’®”” This
simplifies biomolecule detection workflows by reducing the number of assays that must be run to
characterize a given sample, but the assays typically still require extensive user engagement and

complex processing involving specialized equipment.

1.3 Dissertation Overview and Aims

This dissertation focuses on engineering microparticle systems to drive advancements in
biomolecule detection approaches by simplification of signal transduction and reduction of assay
processing requirements. More specifically, the overall objective of this dissertation was to
leverage 1) electrokinetic active particle systems to explore novel forms of label-free,
simplified signal transduction and 2) acoustic-responsive microparticles and acoustofluidic
devices to simplify workflows associated with the processing of quantitative biomarker

detection assays. These goals were addressed through the following aims:



Aim 1. Investigate novel forms of signal transduction using active particles

Aim 1.1. Investigate induced-charge electrophoresis (ICEP) of functional particles for biosensing

(Chapter 2)

Aim 1.2. Employ dielectrophoresis (DEP)-based techniques to study the effects of surface

modifications on induced-charge electroosmotic (ICEO) flows and the ICEP of functional particles

(Chapter 3)

Aim 2. Design of a particle-based, acoustofluidics-enabled assay for simplified biosensing

processing (Chapter 4)

Aim 2.1. Design of functional negative acoustic contrast particles (fNACPs) for the capture of

biomolecules

Aim 2.2. Design of a handheld acoustic pipette system for rapid {NACP assay processing

Aim 3. Design of a high-throughput acoustofluidic system for simple, multiplexed biosensing

(Chapter 5)

Aim 3.1. Design of a multiplexed fNACP assay for the simultaneous detection of multiple

biomolecules

Aim 3.2. Design of a high-throughput multichannel acoustic separator for the simultaneous

processing of multiple samples



1.4 Chapter Summaries

The following chapters detail four projects that address Aims 1-3, presented above. Chapter
2 addresses Aim 1.1 and details the preparation and use of induced-charge electrophoretic
microsensors (ICEMs) for the rapid, simple, and label-free detection of biomolecules. The ICEMs
are composed of polystyrene and gold Janus particles functionalized with antifouling coatings and
biomolecule-specific recognition elements. In an applied electric field, the ICEMs propel by ICEP.
Upon capture of biomolecules, the speed of ICEM propulsion decreases, enabling microscopy-
based biomolecule detection. In this chapter, we show that the specific capture of biomolecules
leads to direct signal transduction through ICEM speed suppression at concentrations as low as 0.1
nM.

Chapter 3 addresses Aim 1.2 and details the development and use of dielectrophoretic
polarizability measurement (DPM) as a method to determine the effects of surface modification
on induced-charge electroosmotic (ICEO) flows. We propose the use of DPM in combination with
theoretical models of complex ICEO-based systems as an approach to both predict and study the
mechanisms of surface modification-induced changes to the behavior of these complex systems.
By combining this method with a theoretical framework to model the speed of Janus particles
travelling by ICEP, we investigate the mechanisms by which biomolecule-induced ICEM speed
suppression, discussed first in Chapter 2, occurs.

Chapter 4 addresses Aim 2 and details the development of a novel class of acoustic-
responsive particles, referred to as functional negative acoustic contrast particles (fNACPs), that
are modularly modified with antifouling polymers terminated in biorecognition motifs for the
specific capture of biomolecules. After capture, biomolecule targets can be labeled in situ by

fluorescent secondary antibodies for detection by fluorescence measurement. Chapter 4

6



additionally details the development of a handheld acoustic pipette, which contains an
acoustofluidic trapping channel for the rapid purification of fNACPs to enable their separation
from complex biofluids like whole blood. We demonstrate use of the fNACP assay and acoustic
pipette to achieve sensitive and streamlined biomolecule detection from whole blood in under 1
hour and 15 minutes. To demonstrate toward-point-of-care use of this system, we additionally
show the development and use of a custom fluorimeter for benchtop analysis of the {NACP assay.

Chapter 5 addresses Aim 3 and shows further development of the fNACP assay, presented
in Chapter 4, by fluorescently barcoding the fNACPs and creating a multiplexed fNACP assay for
the simultaneous detection of multiple biomolecules from single samples. We additionally
demonstrate the development of a high-throughput multichannel acoustic separator for the
simultaneous separation of fNACPs from multiple samples. Like the acoustic pipette presented in
Chapter 4, the multichannel acoustic separator in Chapter 5 utilizes acoustofluidic trapping for the
rapid purification of fNACPs from complex fluid samples. However, unlike the acoustic pipette,
the multichannel acoustic separator was designed for laboratory-based workflows, rather than
point-of-care implementation. We show that all fluid flow through the separator is driven by a
microfluidic siphon in order to eliminate the need for fluid pumps and characterize the use of the
separator for the processing of multiple sample types. Finally, we show use of the fNACP assay
and multichannel acoustic separator for the sensitive and high-throughput detection of
biomolecules from whole blood.

In addition to the projects that address Aims 1-3, presented in Chapters 2-5, this dissertation
includes discussion of fundamental research that was not directly motivated by the advancement

of biomolecule detection techniques. This additional project focused on the fundamental



investigation of the motion of multiparticle Janus particle assemblies, which display a rich array
of motion types when propelled by ICEP. This work is presented in Appendix A.

The projects presented in this dissertation generated numerous advancements in the fields
of particle-based biosensing, acoustofluidics, and electrokinetics, among others. Beyond this, they
serve as foundations for exciting future research and inventions. Chapter 6 details the major

findings of the projects presented in Chapters 2-5, as well as the advancements they may enable.



Chapter 2: Electrokinetic active particles for motion-based biomolecule detection

Previously published as: Thome, C. P.; Hoertdoerfer, W. S.; Bendorf, J. R.; Lee, J. G.; Shields, C.
W. 1. Electrokinetic Active Particles for Motion-Based Biomolecule Detection. Nano Lett. 2023,

23 (6), 2379-2387. https://doi.org/10.1021/acs.nanolett.3c00319. All supplementary media may

be obtained at the source of publication.

2.1 Abstract

Detection of biomolecules is essential for patient diagnosis, disease management, and
numerous other applications. Recently, nano- and microparticle-based detection has been explored
for improving traditional assays by reducing required sample volumes and assay times as well as
enhancing tunability. Among these approaches, active particle-based assays that couple particle
motion to biomolecule concentration expand assay accessibility through simplified signal outputs.
However, most of these approaches require secondary labeling, which complicates workflows and
introduces additional points of error. Here, we show proof-of-concept for a label-free, motion-
based biomolecule detection system using electrokinetic active particles. We prepare induced-
charge electrophoretic microsensors (ICEMs) for the capture of two model biomarkers,
streptavidin and ovalbumin, and show that the specific capture of biomarker leads to direct signal
transduction through ICEM speed suppression at concentrations as low as 0.1 nM. This work lays
the foundation for a new paradigm of rapid, simple, and label-free biomolecule detection using

active particles.


https://doi.org/10.1021/acs.nanolett.3c00319

2.2 Introduction, Results, and Discussion

Detection of biomolecules, a process known as biosensing, is essential for a myriad of
applications including patient diagnosis,' disease management,? and environmental monitoring.**
While there exist a vast number of biomolecule detection approaches, all incorporate three main
elements: a target biomolecule, or biomarker, being detected (e.g., small molecules, proteins,
nucleic acids), a recognition element that specifically identifies the target biomolecule, and a
transducer that converts biomolecule recognition into a measurable output signal.*-¢

In recent years, researchers have developed numerous approaches to detect biomolecules
using both active and inactive nano- and microparticle-based systems.’*>° Compared to
traditional, non-particle-based biomolecule detection assays, such as enzyme-linked
immunosorbent assays (ELISAs), particle-based assays can enhance the detection of biomolecules
by improving sample mixing, reducing required sample volumes, and imparting additional assay
tunability.?!-¢0-61 These assays are generally classified by their output signal, with the most
commonly demonstrated classes being electrochemical and optical; thus, signals generated by

61,64 or

recognition events often manifest as changes in electrical signal,®>% solution color,
fluorescence.’>% Because these signals require complex or nonstandard equipment for signal
measurement (e.g., ultraviolet-visible spectrophotometers,’! fluorimeters®), systems that generate
simplified and easily measured signals are of great interest. To this end, a handful of groups have
demonstrated active-particle-based systems in which biomolecule concentration is correlated with

68.69 or direct visualization

particle motion using optical microscopy,’!*¢$” mobile phone imaging,
by colorimetric analysis.”’ Despite these advancements, in a majority of the motion-based

detection approaches developed thus far, biomolecule concentration and motion are only indirectly

linked, and the capture or presence of the target biomolecule does not innately lead to signal
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production. Instead, use of additional components such as enzymatic,’”® antibody-based,®”*® or

metallic labels®!-%¢

are required to produce a change in motion. Introduction of these additional
components inherently complicates systems by introducing new modes of failure and necessitating
extra steps that increase assay time. To our knowledge, Zhang et al. are the only group to have
developed a label-free, particle motion-based biosensing system.”® However, their system was only
shown to detect DNA and the assay required complex functionalization with five separate
oligonucleotides and an enzyme to enable DNA capture and signal transduction.

Here, we present a simple, label-free, particle-based biomolecule detection system wherein
the specific capture of target biomolecules directly influences particle speed. Specifically, we
explore induced-charge electrophoresis (ICEP) of biomolecule-specific Janus particles, termed
induced-charge electrophoretic microsensors (ICEMs), to directly link biomolecule concentration
and particle motion. We functionalize gold-polystyrene (PS) Janus particles with biotin as a
recognition element for the capture of a model target biomolecule, streptavidin (SA), and show
that specific capture of SA by ICEMs leads to direct signal transduction in the form of ICEM speed
suppression (Fig. 2.1A). Finally, by straightforward analysis of videos captured via optical
microscopy, we show that ICEM speed decreases in a concentration-dependent manner (Fig.
2.1B). This work introduces a new paradigm for rapid, simple, and label-free active particle-based

biomolecule detection. By tuning particle functionalization, we expect that this approach will

provide a flexible platform to detect a broad range of biomarkers.
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Figure 2.1. Overview of the ICEM-based biomolecule detection platform. A) Schematic
representation of biomolecule detection by ICEMs. ICEMs are composed of polystyrene (PS)
Janus particles with one gold-coated hemisphere. The PS side of particles is functionalized with
polyethylene glycol (PEG) to reduce nonspecific adsorption of off-target matrix components and
reduce particle-surface interactions. The gold hemisphere is functionalized with biotin recognition
elements for capture of the model target biomolecule, streptavidin (SA). As more SA is captured
by ICEMSs, the electrophoretic speed of particles visually and quantifiably decreases. B) Schematic
representation of the ICEM speed response with increasing biomolecule concentration.

Particle Speed

ICEP refers to the process by which particles propel in an alternating current (AC) electric
field due to asymmetric electroosmotic flows originating from a corresponding asymmetry in
particle polarizability or geometry.” In the case of a spherical, metallodielectric Janus particle,
ICEP stems from a disparity in the polarizability of each hemisphere of the particle: one metallic
and highly polarizable, and one dielectric and weakly polarizable.’®#! When a uniform AC field
in the kHz frequency range is applied to a spherical Janus particle submerged within a liquid, the
particle reorients by dielectrophoresis (DEP) such that the interface between the hemispheres
aligns parallel with the field, yielding the largest possible induced dipole moment.®? After
reorientation by DEP, the applied field initially intersects perpendicular to the particle surface and
ions in solution accumulate preferentially at the metallic hemisphere, yielding an induced charge

cloud. At steady state, the induced charge cloud causes expulsion of the field lines parallel to the
12



surface, and fluid is drawn to the particle parallel to the field and ejected perpendicular to the field,
away from the metallic hemisphere.®® This asymmetric ejection of fluid leads to particle propulsion
in the direction of the dielectric hemisphere.

Since the first experimental demonstration of ICEP of Janus particles,®> numerous groups

have performed fundamental studies on the ICEP of particles with different shapes®-3¢

and patch
geometries.}’ % Beyond fundamental studies, Park and Yossifon demonstrated the ICEP of
nonfunctional Janus particles for transportation of secondary functional cargo particles for
biosensing applications,” yet no group has demonstrated the direct detection of biomolecules by
ICEP to date. Interestingly, ICEP offers a unique approach for direct, label-free signal
transduction. In earlier work, it has been shown that induced electroosmotic flows at a flat metal
surface, analogous to those seen in ICEP of a Janus particle, can be affected by surface
contaminants.”! This arises from dielectric shielding of the polarizable surface as well as
“buffering” of ions through surface reactions, both of which reduce the magnitude of the induced
flows. This finding has been corroborated by others: Boymelgreen et al. showed that the speed of
Janus particles coated with poly(L-lysine)-g-poly(ethylene glycol) was suppressed compared to
that of uncoated particles due to shielding of surface charges.””* Additionally, in a study of DEP
of gold-PS Janus particles, Honegger and Peyrade showed that protein adsorbed on the gold
hemisphere leads to dielectric shielding and a reduction in polarizability.”® Thus, we hypothesized
that specific capture of biomolecules of interest on the metallic surface of Janus particles may
directly lead to measurable changes in their electrophoretic motion.

The most common type of Janus particle used in ICEP studies consists of a PS sphere and
a gold hemispheric patch due to their large mismatch in polarizability.3287-92% Here, we used

carboxylated PS as the base particle material to enable conjugation of aminated species. The
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unfunctionalized Janus particles were prepared by a convective assembly-inspired approach.’’ In
short, 5.1 um carboxylated, red fluorescent PS particles were deposited in a submonolayer on glass
slides to ensure that the particles did not overlap (Fig. 2.2A). Proper submonolayer deposition was
confirmed via brightfield microscopy (Fig. B.1). The submonolayers of particles were then coated
with 10 nm of chromium (Cr) and 30 nm of gold (Au) using electron beam evaporation. Particles
were mechanically scraped from the slides and resuspended in pure milli-Q water (MQW), as high
solution ion content has been shown to suppress ICEP.®> We used both scanning electron
microscopy (Fig. 2.2B and Fig. B.2) and fluorescence microscopy (Fig. B.3) to confirm that the
metallic patch covered one hemisphere of the particles completely and that no irregularities in the
patch shape were present. We noted that most particles (i.e., = 95%) exhibited the expected patch

shape.
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Figure 2.2. Electrokinetic Janus particle preparation, propulsion, and tracking. A) Schematic
illustration of the Janus particle preparation process. PS particles are deposited on a glass slide in
a submonolayer using a convective assembly method. Particles are then coated with chromium
and gold using electron beam evaporation. Janus particles are then mechanically scraped off the
glass slide and transferred to MQW. B) Representative scanning electron microscopy image of
coated Janus particles. Yellow color was applied to highlight the location of gold patches on the
particles, as indicated by visually rough surfaces. C) Image of a propulsion chamber. The sample
of particles is placed between the two gold electrodes within a hydrophobic boundary and two
PTFE spacers. After applying a coverslip, the aqueous particle sample spreads to the boarders of
the hydrophobic boundary. An electric field is generated by applying an AC square wave from a
function generator attached to the device by leads and copper tape. D) Superimposed images of a
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single particle undergoing ICEP within a propulsion chamber over the course of 6.0 seconds. As
is characteristic of ICEP, particles propel perpendicular to the applied electric field and in the
direction of the PS hemisphere. The first frame of captured videos with the electric field E) off and
F) on with superimposed particle paths over the course of 4.0 seconds. G) Schematic illustration
of tracking criteria implemented in this study. Only particles that exhibited linear movement 0° +
15° of normal to the applied field in either direction were tracked.

ICEP experiments are typically performed in chambers with either a sandwich electrode
setup, in which planar electrodes (e.g., indium-tin oxide coated glass slides) are assembled on top

of one another,”*8

or in a coplanar electrode setup where two electrodes are positioned parallel on
the same plane with a small gap separating them.®?%” When metallodielectric particles undergo
ICEP, they travel perpendicular to the applied field. As such, in the sandwich setup, particles
undergoing ICEP can travel in any direction parallel to the electrode planes (i.e., in the x- and y-
direction; coordinates shown in Fig. 2.2), whereas in the coplanar setup, particles only travel
parallel to the edges of the electrodes (i.e., in the x-direction). Thus, coplanar devices can provide
a more favorable environment for identifying particles propelling via ICEP rather than by other
propulsion mechanisms, such as bulk fluid flow. Thus, we utilized coplanar electrode propulsion
chambers for all experiments in this study. The chambers were fabricated by depositing 20-30 nm
chromium and 100 nm gold on standard borosilicate glass slides masked with a thin strip of Kapton
tape spanning the length of the slide; after metal deposition, the tape was removed to reveal the
two electrodes (Fig. 2.2C). Leads were attached using conductive copper tape. During
experiments, a hydrophobic pen was used to draw a small square outline overlapping the two
electrodes, and two pieces of polytetrafluoroethylene (PTFE) tape were placed perpendicular to
the electrodes at the boarder of the hydrophobic boundary. Finally, 10-20 pL of a particle sample

i.e., at = 2.5x10° particles mL'') in MQW was pipetted onto the chamber within the boundary,
p

and a coverslip was placed on top of the PTFE tape. A square wave (4 kHz for all experiments)
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was applied to the chamber to generate the AC electric field (~500-1000 V cm™') within it. We
evaluated chamber operation by loading a solution of unfunctionalized Janus particles into a
chamber situated on a fluorescence microscope equipped with a camera. After applying a 4 kHz,
750 V cm! field, most Janus particles reoriented and exhibited linear propulsion parallel to the
chamber electrodes. We used Fiji/Image] analysis software to determine mean particle speeds in
the x-direction from captured videos. A representative time lapse image of a single particle
undergoing ICEP is shown in Fig. 2.2D. This motion is clearly distinguishable from Brownian
motion (Fig. 2.2E), and multiple particles can be tracked in a single video (Fig. 2.2F). During
experiments, we observed that some particles did not travel parallel to the chamber electrodes, and
instead were biased toward one electrode or exhibited helical trajectories. The presence of these
modes of propulsion likely indicates that some particles had defects in their shape or in the shape
of the gold patch.” To eliminate such cases from our analysis, we implemented tracking criteria
and strictly tracked the speeds of particles travelling within 15° parallel to the edges of the
electrodes at the water-coverslip interface (Fig. 2.2G). The tendency for particles to rise to this
interface during reorientation arises at least partially due to DEP forces, but their linear motion
once at the interface is strictly due to ICEP.%?

When designing a biomolecule detection assayi, it is crucial to minimize matrix effects, as
they may interfere with the assay and lead to false results.!” We speculated that nonspecific
adsorption of proteins or other molecules to either hemisphere of the ICEMs could potentially
influence their electrophoretic motion. To minimize nonspecific adsorption, we designed the
ICEMs to include a polyethylene glycol (PEG)-based antifouling layer on the PS hemisphere as
well as between the gold hemisphere and biotin recognition element.!®! To form the antifouling

layer on the PS hemisphere, we conjugated 1 kDa PEG-amine to the particles using carbodiimide
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coupling.'??

In short, Janus particles were mixed in a solution of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 1 kDa mPEG amine in 2-(N-
morpholino)ethanesulfonic acid (MES) buffer for 2 hours at room temperature (Fig. 2.3A). As
other PEG-containing molecules have been shown to affect ICEP,”? we assessed the impact of this
layer on particle ICEP. To do so, we washed the PEG-modified particles with MQW and
completed tracking experiments to measure particle speed as described earlier. Interestingly, we
found that the addition of a PEG layer on the PS side of particles increased particle speed from
12.8 to 15.8 um s! (Fig. 2.3B). This moderate increase in speed is unlikely to originate from
changes in the asymmetric polarizability of the particles, as PEG and PS have similar
polarizabilities as dielectric materials.”>!% Instead, we speculate that this increase in speed is due
to decreased interactions between the particles and glass substrate, as tracked particles were
located along the water-coverslip interface.!

To functionalize ICEMs for biorecognition, we selected biotin as a model recognition
element and streptavidin (SA) as a model biomarker. Biotin is a small molecule while SA is a large
(~52.8 kDa) protein,'% both of which have precedence as models in biosensing assays.’*!% To
impart antifouling properties to the gold hemisphere of the particles, we integrated an antifouling
layer by binding the biotin recognition element to the gold through a PEG linker; notably, this PEG
linker is also expected to allow more favorable biotin orientations to enhance SA capture, relative
to surface-bound biotin.!”” However, we speculated that increasing distance between the captured
biomolecule and gold hemisphere may reduce signal transduction. Thus, the length of this PEG
linker was selected such that biomolecules would be captured and held, at most, ~6.3 nm from the

108

gold hemisphere.””® To functionalize the gold hemisphere of the particles, we mixed PEG-

modified particles in a solution of 1 kDa biotin-PEG-thiol (BPT) and 3 mM
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ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline (PBS) overnight. As
modification to the gold hemispheres of the particles may lead to changes in the electrophoretic
motion of ICEMs, we functionalized particles using a range of BPT concentrations and assessed
particle speed after washing into MQW. We found that increased concentrations of BPT did not
lead to any significant change in propulsion speed (Fig. 2.3C). Because we observed no significant
changes between binding conditions, we selected the 10 mg mL™' BPT concentration as our

standard functionalization condition to maximize the amount of BPT conjugated to the gold

surface.
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Figure 2.3. ICEM functionalization and speed characterization. A) Schematic representation
of the ICEM functionalization protocol. Blank Janus particles are incubated in a solution of PEG-
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amine and EDC in MES buffer for 2 hours, during which PEG-amine is covalently bound to
carboxyl groups on the PS surface through carbodiimide coupling. Particles are washed 3—4 times,
resuspended in a solution of biotin-PEG-thiol, and mixed overnight, enabling the coupling of
biotin-PEG-thiol through thiol-gold bonding. B) Mean speed of ICEMs without and with bound
PEG on the PS hemisphere. Particles with PEG displayed greater speeds, relative to those without
(N > 25 for both conditions). C) Mean speed of ICEMs with PEG identically bound to the PS
hemisphere and incubated with increasing concentrations of BPT. All particle samples, including
the control, were incubated in PBS and washed into MQW four times, with only concentration of
BPT in the PBS solution differing between groups. No condition led to significantly different
speeds compared to that of the control (N > 25). Error bars in B) and C) indicate standard error of
the mean.

To assess the detection performance of the ICEMs, we conducted SA capture assays over
a range of SA concentrations. In short, we functionalized ICEMs with PEG on the PS hemisphere
and PEG-biotin on the gold hemisphere as described earlier. After conjugation, the particles were
washed four times into 1X PBS. Then, 2.5x10° ICEMs were removed from the ICEM solution and
resuspended in 100 pL of solutions of Alexa 594-conjugated SA in PBS over the range of 0 to
2x10* nM SA and allowed to incubate while mixing at room temperature for 30 minutes. After
incubation, the particles were washed into MWQ, placed in a propulsion chamber, and tracked as
described earlier (Fig. 2.4A). ICEM movement was substantially suppressed for all SA conditions,
and significantly differed (P < 0.05) from that of the control above 1 nM SA (Fig. 2.4B). Above
100 nM, additional increases in SA concentration did not further suppress particle movement
below a ~46% maximum reduction in speed. Experimental data was fit to a 4 parameter logistic
curve (4PL), commonly used to fit experimental data from biosensing assays such as ELISA.!%
Representative particle tracks from both the control (0 nM SA) and the maximum SA
concentration (2x10* nM) demonstrate the clear visual difference between speed of particles

incubated with or without SA (Fig. 2.4C). The modest variability in recorded speeds for a given

SA condition may have originated from inhomogeneities in functionalization or differences in
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particle size and patch morphology not observed during studies. Minimization of these sources of

deviation should be a target for future implementation of ICEMs.
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Figure 2.4. ICEM biomolecule detection studies. Schematic representation of the biomolecule
detection protocol. ICEMs are incubated for 30 minutes in solutions spiked with SA and are
subsequently washed four times. Particles are then placed in the propulsion chamber, positioned
on a camera-equipped microscope, and the electric field is engaged. Captured videos are analyzed
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to quantify mean particle speeds. B) Normalized mean ICEM speeds after incubation with SA-
spiked solutions with concentrations ranging from 0—-2x104 nM SA. A decrease in particle speed
was observed at 1 nM SA, though this decrease was not significant (P = 0.08). All data points
above 1 nM SA differed significantly from the control (0 nM SA). Particles reached their minimum
speed at 100 nM. Experimental data was fit to a 4PL curve model to generate a curve fit (N > 21
for all conditions). C) Representative path tracks of three ICEMs each from both the control (no
SA) and 2x104 nM SA conditions. Tracks indicate both x- and y-positions over 5.48 seconds. D)
Normalized mean speed of particles incubated in 1000 nM SA (N =5), as well as no SA (N =11),
1000 nM blocked SA (N =5), and free biotin (N = 7) as controls. The speed of particles incubated
with 1000 nM SA was significantly lower than that of the control conditions (p < 10-5 relative to
the 0 nM SA control). Error bars in B) and D) indicate standard error of the mean.

To confirm that the observed decrease in ICEM speed was due to specific capture of SA
rather than nonspecific adsorption, we functionalized ICEMs as described earlier. We then blocked
a solution of SA by incubation with a ~500-fold molar excess of free biotin. We diluted the blocked
SA to 1000 nM in PBS. We then incubated 2.5x10° ICEMs with PBS, 1000 nM SA in PBS, 1000
nM blocked SA in PBS, and an equimolar solution of free biotin in PBS, relative to that of the
blocked SA solution. After incubation, particles were washed and tracked as described earlier. We
found that neither ICEMs incubated in free biotin nor ICEMs incubated in blocked SA exhibited
decreased speeds relative to the control, but that those incubated in 1000 nM SA exhibited a
significant decrease in particle speed (Fig. 2.4D). These results indicate that decreases in ICEM
speed are specifically due to the capture of SA rather than nonspecific adsorption.

To evaluate the potential of the ICEMs to detect alternative target biomolecules, we tested
their ability to sense the protein ovalbumin (OVA) using antibody recognition. To facilitate this
assay, we functionalized ICEMs with PEG on their PS hemispheres as described and anti-
ovalbumin immunoglobulin G (anti-OV A IgG) on their Au hemispheres (Fig. 2.5A) as recognition

elements for OVA. We incubated 2.5x10° anti-OVA ICEMs with 0 and 1.1 uM OVA in PBS for

30 minutes while mixing at room temperature. After incubation, particles were washed and tracked
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as described earlier. We found that the anti-OVA ICEMs incubated with OVA exhibited a
significant decrease in propulsion speed relative to the control without OVA. This result is
noteworthy, as the use of antibodies as ICEM recognition elements substantially increases the
breadth of potential detectible targets and thus the potential diagnostic value of ICEMs.

In addition to detecting other biomolecules, we hypothesized that the sensitivity of the
assay could be improved by reducing the number of ICEMs per sample, therefore increasing the
ratio of target biomarkers to particles (Fig. 2.5C). To test this hypothesis, we compared the assay
performance at a low SA concentration (i.e., 0.1 nM) using both the standard number (i.e., 2.5x10°)
and a 25-fold-reduced number of ICEMs (i.e., 1x10%). In addition to evaluating the speed of ICEMs
not incubated with SA, we determined the speed of ICEMs incubated with 0.1 nM bovine serum
albumin (BSA) as a control for specificity. We found that the speed of ICEMs incubated in SA at
the standard ICEM number did not differ significantly from that of the control, but that using the
reduced ICEM amount yielded a significant decrease in ICEM speed (Fig. 2.5D). Thus, the
sensitivity of the assay can be conveniently tuned by adjusting the number of ICEMs. Furthermore,
no significant decrease in speed was observed for particles incubated with BSA. This provides
further evidence that the antifouling PEG layers prevent nonspecific adsorption of proteins, a

promising result for future use of ICEMs in more biologically relevant fluids.
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Figure 2.5. Programmability of the ICEM-based assay to capture alternative biomolecules
through antibody recognition and enhance sensitivity through reduced particle
concentration. A) Schematic representation of the capture of OVA by anti-OVA ICEMs. B)
Normalized mean speed of ICEMs incubated in 1.1 uM OVA (N = 12) compared to a 0 pM OVA
control (N = 10). The speed of anti-OVA ICEMs incubated with OVA was significantly lower
than that of the 0 uM OV A control (p < 0.05). C) Schematic representation of assay tunability by
varying ICEM number. As the number of ICEMs per sample decreases, sensitivity increases by
increasing the concentration of SA on the surfaces of particles. D) Normalized mean speed of
ICEMs incubated in 0.1 nM SA at standard (2.5x10°) and reduced (1x10*) ICEM numbers (N =
14 and N = 6, respectively) as well as no SA (N =7) and 0.1 nM BSA (N = 15) as controls. The
speed of ICEMs incubated in 0.1 nM SA at the reduced ICEM number was significantly lower
than that of the 0 nM SA control (p < 0.05). Error bars in B) and D) indicate standard error of the
mean.

In summary, we have demonstrated the use of ICEP of functional metallodielectric Janus
particles, ICEMs, as a means of simple and label-free biosensing. In doing so, we have shown the

first example of ICEP as a mechanism of signal transduction for specific biomolecule detection.

We functionalized ICEMs with an antifouling PEG layer and biotin recognition elements for the
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capture of SA and showed that decreased ICEM speed occurred only with specific capture of SA.
Moreover, a continuous decrease in mean particle speed was observable from 1-100 nM SA when
using 2.5x10° ICEMs per sample, likely due to increased dielectric shielding of the gold patch. We
also showed that ICEMs can be functionalized with antibody recognition elements for the capture
of different protein biomolecule targets, which will be advantageous in future implementations of
ICEM-based assays for detecting physiologically relevant biomolecules. Finally, we showed that
sensitivity can be enhanced by reducing the number of ICEMs used in the assay by achieving a
10-fold lower detection (0.1 nM SA) by using 1x10* ICEMs per sample.

Relative to traditional assays, such as ELISA, which can require several hours to complete,
the ICEM-based assay requires only ~1 hour to yield results. Moreover, by coupling biomolecule
concentration to particle motion detected from an optical microscope and eliminating the need for
fluorimeters, ultraviolet-visible spectrophotometers, or other complex measurement systems,
ICEMs enhance assay accessibility. The simple functionalization of, and direct signal transduction
by, ICEMs also significantly reduces potential points of error that exist in the vast majority of
particle and particle motion-based assays. Beyond current benefits, there are ample opportunities
to further expand upon the performance and applications of the demonstrated ICEM-based assay.
Thanks to the simple recognition element conjugation approach, the presented ICEMs could be
easily tuned for recognition and capture of a range of biomolecules of interest by conjugating
aptamers, antibodies, or other recognition elements to the gold hemisphere of the particles. Future
investigation of the specific mechanisms by which signal transduction occurs would broaden
possible applications of the ICEMs. In particular, this may enable expansion of the range over
which signal transduction occurs or allow for transduction to occur at lower concentrations of

biomolecules, further increasing the sensitivity of the ICEM-based assay. This future work will

25



explore the limit of detection and specificity of the ICEMs to more established biosensing
methodologies. The assay could additionally be multiplexed for simultaneous detection of a panel
of biomolecules by production of shape- or color-barcoded ICEMs, each with unique biomolecule
specificities. Finally, by automating ICEM propulsion and tracking or integrating the assay into a
mobile phone-based detection system, time to results could be decreased substantially, expanding

accessibility and simplicity of the ICEM-based biomolecule detection system.

2.3 Methods and Materials

2.3.1 Janus particle preparation.

Janus particles were prepared by electron-beam evaporation of chromium (Cr) and gold
(Au) onto a submonolayer of 5.1 pum red fluorescent carboxyl polystyrene (PS) particles
(Magsphere). To prepare the submonolayer, two borosilicate glass slides were cleaned and dried
with acetone (Millipore Sigma). The substrate slide was mounted horizontally on the immobile
portion of a GenieTouch syringe pump (Kent Scientific), while the deposition slide was mounted
on the moving portion of the pump connected to the driveshaft. The deposition slide was brought
into contact with the stationary slide at a roughly 45° angle. The particles were washed four times
into milli-Q water (MQW) to remove surfactants and concentrate the solution to 10 wt.%. After
briefly sonicating and vortexing the particle solution, 10 uL was pipetted onto the substrate slide
at the point of contact with the deposition slide, forming a thin, uniform line across the contact line
between the slides. The syringe pump was set to the full position for a 30 mL Becton Dickinson
syringe, and the deposition slide was pushed across the substrate slide at a rate of 2.5 mL min!
until the deposited particle solution was exhausted approximately halfway across the deposition

slide. This corresponded to an ejected volume of ~13 mL, as indicated by the syringe pump. The
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deposition slide was then cleaned to prevent particle buildup after which the slides were once again
brought into contact slightly past where the previous deposition ended. This procedure was
repeated to fill the slide. Slides with submonolayers were then coated with a 10 nm layer of Cr for
increased metal patch adhesion and a 30 nm layer of Au using an electron-beam evaporator
(Edwards Auto 306 Cryo). Coated particles were then removed from their slides by gently scraping
with a metal spatula, resuspended in MWQ), and transferred into a microcentrifuge tube. Finally,

particles were sonicated for 30—-60 seconds to separate particle aggregates.

2.3.2 Janus particle/ICEM washing.

To wash Janus particles/ICEMs, they were first resuspended in MQW or PBS with 0.02
vol.% polysorbate 20 (Tween 20, Sigma Aldrich) to aid in pelleting and subsequently centrifuged
at 10,000xG for 6 minutes. The 0.02 vol.% Tween 20 was excluded only when washing particles
into pure MQW immediately before i) submonolayer deposition or ii) propulsion experiments.

Particles were typically washed 3—4 times between experimental steps.

2.3.3 Conjugation of mPEG-amine to Janus particles.

Janus particles were functionalized with PEG on their PS hemisphere using carbodiimide
coupling. Typically, 5x10° Janus particles were resuspended in 110 pL of 10 mg mL!
methoxypolyethylene glycol amine (mPEG-amine, 1 kDa, Alfa Aesar) in 0.05 M 2-(N-
morpholino)ethanesulfonic acid monohydrate (MES, MP Biomedicals) buffer (pH = 5.0)
containing 100 mg mL! 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC,
Chem Impex). This solution was then incubated for 2 hours at ambient temperature in a VorTemp

56 shaking incubator (Labnet) at 900—1100 rpm. The particles were occasionally redispersed if
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settling was noted. At the end of the incubation time, the solution was washed 3—4 times with 1X

phosphate buffered saline (PBS, VWR Life Science) with 0.02 vol.% Tween 20.

2.3.4 Conjugation of biotin-PEG-thiol to Janus particles to prepare ICEMs.

To conjugate biotin-PEG-thiol (BPT, 1 kDa, Biopharma PEG) to the Au hemisphere of the
Janus particles, 5x10° Janus particles with PS-conjugated PEG were resuspended in 110 uL of a
solution of 10 mg mL-! BPT in PBS with 3 mM ethylenediaminetetraacetic acid (EDTA, Sigma)
at pH = 8. This solution was incubated overnight at ambient temperature in a shaking incubator at
900-1100 rpm. At the end of the incubation time, the solution was typically washed three times in

MWQ with 0.02 vol.% Tween 20. With this step, the ICEMs were fully functionalized.

2.3.5 Anti-ovalbumin thiolation.

A 1 mg mL"! solution of thiolated anti-ovalbumin (anti-OVA, rabbit anti chicken OVA
IgG, BioRad) in PBS with 3 mM EDTA (pH = 8.0) was prepared by first diluting 100 puL of a
stock 5 mg mL! anti-OVA solution with 400 uL of 3 mM EDTA in PBS. Then, following
recommendations from the manufacturer, the solution was passed through a 10 mL Zeba spin
desalting column (7K molecular weight cut-off, Thermo) to transfer the antibody to a pure solution
of 3 mM EDTA in PBS. Then, 23 pL of a 1.4 mM solution of Traut’s reagent (2-iminothiolane,
Thermo) was added to 500 pL of the 1 mg mL! antibody solution. The resultant solution was
incubated at ambient temperature for 1 hour. After incubation, excess Traut’s reagent was removed
from the protein solution by means of an additional Zeba spin column, yielding a 1 mg mL"!

solution of thiolated anti-OVA in PBS with 3 mM EDTA.
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2.3.6 Conjugation of anti-OV A to Janus particles to prepare anti-OVA ICEMs.

To conjugate thiolated anti-OV A to the Au hemispheres of the Janus particles, 5x10° Janus
particles with PS-conjugated PEG were resuspended in 10 pL of a solution of 0.1 mg mL"!
thiolated anti-OVA in PBS with 3 mM EDTA. This solution was incubated at ambient temperature
for 2 hours in a shaking incubator at 760 rpm. After incubation, the solution was washed thrice
with 0.02 vol.% Tween 20 in PBS. With this step, the ICEMs were fully functionalized for capture

of OVA.

2.3.7 Capture by ICEMs.

Streptavidin (SA), Alexa Fluor 594-conjugated SA (Invitrogen), OVA, or free biotin (D-
(+)-biotin, Research Products International Corporation) was diluted with PBS to 100 pL at the
desired concentration, depending on experimental requirements. Then, 2.5x10° ICEMs were
resuspended in the SA solution and allowed to incubate at ambient temperature for 30 minutes in
a shaking incubator at 900—1100 rpm. At the end of the incubation time, each condition was
washed 3—4 times with MQW, after which each ICEM condition was resuspended in 200-500 pL

MQW.

2.3.8 SA blocking.
To create a blocked SA control, free biotin was dissolved in DIW and added to a solution
of SA in a roughly 500-fold molar excess. The solution was then allowed to incubate for 75

minutes.
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2.3.9 Coplanar propulsion chamber fabrication.

To fabricate coplanar propulsion chambers, borosilicate glass slides were masked with a
roughly 2 mm paper or adhesive tape mask that covered the length of the slides. Then, electron-
beam evaporation was used to deposit 20-30 nm Cr and 100 nm Au on the masked slides. After
removal of the mask, the roughly 2 mm uncoated gap in the center of the slide along its length
remained, with two electrodes on either side. Two strips of copper tape were applied on top of the

Au electrodes to form connection points for electrical leads.

2.3.10 ICEM propulsion experiments.

The coplanar devices were washed thoroughly with acetone before each experiment. A
hydrophobic barrier pen (IHC World) was used to draw a roughly 1.25 cm x 1.25 cm square outline
overlapping the two electrodes. Two pieces of polytetrafluorethylene (PTFE) tape (RS Crum &
Company) were placed perpendicular to the electrodes at the boarder of the hydrophobic boundary,
leaving a small rectangular space between them. 10-20 pL of Janus particles or ICEMs were
pipetted onto the small space left between the PTFE tape spacers and the Au electrodes, and a
coverslip was placed over the sample and spacers. Then, the entire apparatus was placed on a Zeiss
AxioVert A1 TL/RL inverted fluorescence microscope equipped with a Axiocam 305 mono
camera (Zeiss, Germany). An Agilent 33210A waveform generator (Agilent) was attached to a
Tegam 2340 high voltage amplifier (Tegam), from which electrical leads were attached to the
copper tape affixed to the propulsion chamber electrodes. A 4 kHz square wave alternating current
(AC) signal was generated, amplified, and applied to the propulsion chamber, forming an electric

field with magnitudes that ranged from 500-1000 V ¢cm™!. Resultant particle motion was observed
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and recorded using the microscope camera, typically in fluorescence mode using a 120 W mercury

lamp (Excelitas), 545/25 nm excitation filter, and 605/70 nm emission filter (Zeiss).

2.3.11 Particle speed analysis.

Videos of ICEMs undergoing ICEP captured during experiments were analyzed using
Imagel software. Videos were exported as AVI files while maintaining the native micron/pixel
ratio and relative time information. Using ImageJ, each frame was converted to a binary image in
a stack, and individual particle positions in each frame were extracted by use of either the “analyze
particles” or “Trackmate” options in the software. The linear speed of each particle was then
calculated using this extracted data. Only speeds of ICEMs that traveled linearly within 15° of

normal to the Au electrodes were recorded and analyzed.

2.3.12 Four parameter logistic fitting.
ICEM speed data from 0-2x10* nM SA, shown in Figure 2.5B of the main text, was fit
with a four-parameter logistic (4PL) curve to visualize ICEM responses and determine the
maximum and minimum response values. To do so, we fit experimental data to the standard 4PL
equation, given by:
a-—>b
d
1+()

where y is ICEM speed, x is SA concentration, ¢ is the mid-range concentration, d is the slope

y — b + (21)

factor, and a and b are ICEM speed or response at the minimum and maximum SA concentrations,

respectively. MATLAB was used for all fitting. Extracted parameter values were a = 11.51 pm

31



sec!, b=6.20 um sec™!, ¢ =2.70, and d = 2.18. Using these values, we established a roughly 46%

decrease in ICEM speed at the maximum SA concentration tested.
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Chapter 3: Dielectrophoretic polarizability measurement for the study of electrokinetic

active particles

The contents of Chapter 3 will be submitted as a manuscript in Fall of 2024. Coauthors on this
manuscript will include Alanna R. Duarte (co-first author), Wren S. Hoertdoerfer, Caroline R.
Praetzel, Alec Pellicciotti, Dr. Ankur Gupta, Dr. Michael A. Bevan, and Dr. C. Wyatt Shields I'V.
C.P.T. led experimental sample preparation and modification, experimental setup, and analysis of
ICEP data with the help of coauthors. A.R.D. led analysis of DEP data with the help of coauthors.
Dr. Ankur Gupta devised the theoretical framework for prediction of ICEP speed. The contents of

Chapter 3 were written from the joint effort of C.P.T. and A.R.D.

3.1 Abstract

Induced-charge electroosmosis (ICEO) is a robust approach to drive microfluidic flows by
application of electric fields across polarizable surfaces and has been used extensively for object
manipulation, microfluidic pumping, and active particle propulsion, among other applications.
While ICEO in pristine systems is well characterized, surfaces in real systems are often modified
or contaminated by complex molecules, and it is not well-understood how and to what extent these
molecules impact ICEO flows. Here, we introduce dielectrophoretic (DEP) polarizability
measurement, DPM, as a method to experimentally determine effects of surface modifications on
the polarizability of surfaces in systems that leverage ICEO. The method utilizes DEP trapping of
probe particles that replicate the surface modifications of complex physical systems. By analysis

of the equilibrium motion of trapped probe particles and use of a core and shell model, individual
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contributions to the effective polarizability of probe particles by surface modifications may be
identified. This DPM-generated polarizability data can then be used to both predict theoretical
effects of modifications on ICEO in various complex systems and reveal instances in which
changes to system behavior are governed by mechanisms unrelated to modification-induced
polarizability changes. Here, we validate this method by comparison with experimentally observed
changes to the speed of Janus particles travelling by induced-charge electrophoresis (ICEP), which
arises from asymmetric ICEO flows around micron-scale particles. We show that DPM enables
prediction of a decrease in particle speed upon protein capture by silica-gold Janus particles
modified with polyethylene glycol (PEG) and biotin-PEG-thiol. We additionally reveal that
experimentally observed increases in the speed of polymer-modified Janus particles are likely
governed by effects unrelated to changes to particle polarizability. Overall, this work lays the
foundation for broader implementation of DPM, which could be key for future design of ICEO-

based systems or for the study of complex ICEO-based phenomenon.
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3.2 Introduction
Induced-charge electroosmosis (ICEO) is a commonly utilized approach for driving fluid
flows via application of electric fields across polarizable surfaces. ICEO has been implemented in

a number of microfluidic and colloidal systems for a range of applications, including microfluidic

110,111 112-114 115-117

pumping and mixing, object manipulation, and active particle propulsion.
Though the general theory describing ICEO flows is well established, it fails to accurately describe

the complexity of real systems;!!7:118

in many applications of ICEO, surfaces are often modified to
meet design criteria (e.g., for antifouling) or otherwise come into contact with contaminants (e.g.,

polymers, proteins, and small molecules) from complex fluids.!'®-'?! Many studies have examined

122,123 119,124

how the ion concentration, solution rheology, or other properties of the surrounding
fluid can impact ICEO,!!” but fewer have examined how surface-bound or surface-adjacent
molecules influence ICEO. It is known that the presence of contaminants on polarizable surfaces
can impact these induced flows,'? though such effects have received little attention in literature
and the mechanisms by which surface-adjacent molecules influence ICEO are not fully defined.
Finally, while the theoretical effects of solid dielectric coatings on ICEO have been described,!'!8
it remains a challenge to predict the effect of complex surface modifications or contaminants on
ICEOQ, and there exists no standardized approach to do so.

One increasingly prevalent implementation of ICEO flows, induced-charge electrophoresis

(ICEP), leverages asymmetric ICEO flows around micron-scale particles to enable particle

126,127 128-130 90,131

transport for cargo manipulation, complex micromotor motion, and biosensing.
These asymmetric ICEO flows stem from a corresponding asymmetry in the polarizability of the
particle, as is characteristic of Janus particles composed of a spherical dielectric material with one

hemisphere coated with a metal. In previous work, we modified the surfaces of such particles with
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polymers for the purposes of biomolecule detection.!*! Upon capture of protein, the Janus particles
exhibited decreased ICEP propulsion speeds, enabling microscopy-based biomolecule detection.
We hypothesized this decrease in speed originated from dielectric shielding of the metallic
hemisphere of the particles by captured proteins, resulting in diminished ICEO flows about the
metallic hemisphere, which is supported by related findings in literature.!?>-13%133 However, this
hypothesis could not be explicitly tested due to lack of established methods for measuring such
effects on complex microparticle systems.

In this work, we introduce dielectrophoretic (DEP) polarizability measurement, or DPM,
as an approach to experimentally measure the polarizability of modified surfaces and subsequently
theoretically predict effects of surface modifications on ICEO flows. While existing
characterization techniques, such as zeta potential measurements, can inform linear electro-
osmotic flows for the classical, or ‘fixed charge’, electrokinetic picture arising from innate material
surface charge, this method aims to more directly probe and predict the effects of the induced
dipole on a polarizable material that drive nonlinear ICEO flows in a applied external field.!!® This

134 of surface-modified

method makes use of positive and negative DEP (pDEP and nDEP) trapping
probe particles that replicate more complex physical systems to enable measurement of
modification-induced changes to the effective polarizability of material surfaces. This information
generated from DPM can then be used to theoretically predict the impact of changes to material
polarizability on ICEO flows emanating from similarly modified surfaces in more complex
systems, as well as to identify behaviors that are not predominantly mediated by changes to
polarizability. While the DPM method could be applied to study a range of ICEO-based systems

by simply adjusting the theoretical model employed post-DPM measurement, we elected to study

the ICEP of differentially modified Janus particles to experimentally validate the DPM method.
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Studying ICEP offers both 1) the ability to modify particles using methods identical to those used
during modification of probe particles and ii) a simple microscopy-based approach for the
measurement of resultant particle motion and, indirectly, the underlying changes in ICEO flows.
Thus, we produced six distinct types of Janus particles by modifying their surfaces with various
combinations of polyethylene glycol (PEG), biotin-PEG-thiol (BPT), and the protein streptavidin
(SA). We then propelled each of the differentially modified Janus particle types by ICEP and
characterized their motion to observe effects of these surface modifications. To conduct DPM
characterization, we produced five types of probe particles with surface modifications comparable
to those of the Janus particles and determined resultant particle polarizability characteristics by
DEP manipulation and analysis of DEP tracking data for each probe particle type. Compared to
other methods used to assess particle DEP properties such as velocity-based measurements'3* or
DEP force measurements using optical tweezers,'*> the method used to assess particle
polarizability here achieves sensitive and specific measurement of the dipole-field interactions
driving DEP. We then used a core and shell model to determine the individual contributions of
each surface modification to the changes in probe particle polarizabilities. Finally, we devised a
theoretical model that utilizes DPM-generated polarizability data to predict the speeds of surface-
modified Janus particles travelling by ICEP (Fig. 3.1). We found that the DPM-based theoretical
predictions agreed with experimentally observed decreases in ICEP motion upon capture of
proteins by surface-modified particles. These results support the hypothesis that the presence of
protein directly contributes to changes in ICEO flows by alteration of the effective polarizability
of metallic surfaces. We additionally found that, while modifications to the metallic hemisphere
by polymers were theoretically predicted to decrease ICEO flows and resultant motion,

experiments instead revealed an increase in ICEP speed. This suggests that mechanisms unrelated
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to changes in surface polarization are at play in the studied ICEP system, and we hypothesize that
the increase in ICEP motion arises in part from decreased particle-surface interactions in
experiments. Overall, we expect the DPM method to be impactful for predicting and studying the
effects of complex surface modifications on the performance of a range of systems that utilize

ICEO for microfluidic pumping, mixing, and particle propulsion.
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Figure 3.1 Study workflow. (1) Janus particle surfaces are modified with polymers (i.e., BPT or
PEG) or protein (i.e., SA). (2) The modified Janus particles are propelled by ICEP and their
resultant motion is recorded. (3) Recorded Janus particle motion is analyzed to determine effects
of surface modification on particle motion. (4) The surfaces of probe particles are modified with
Au, polymers, or protein. (5) The modified probe particles are trapped by DEP and their motion is
recorded. (6) Recorded probe particle equilibrium motion is analyzed to determine surface
modification-mediated changes to particle polarizability. (7) Information from 6 is used to predict
flows and resultant motion of identically modified Janus particles using a theoretical framework.
(8) Theoretical predictions from 7 are compared to experimental results from 3.

3.3 Experimental
3.3.1 Janus particle fabrication.

Janus particles were prepared as previously described.!?®!3! Briefly, 2 um commercial
silica particles (Millipore Sigma) were washed 3X with milli-Q water (MQW) and concentrated

to create a 10 wt.% solution of particles in MQW. The particles were then deposited in a
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submonolayer on glass slides using a convective assembly approach. The submonolayers were
then coated with 10 nm of chromium (Cr) and 30 nm of gold (Au) via electron-beam evaporation.
The resultant Janus particles were removed from the substrate by gently scraping with a metal
spatula, resuspended in MQW, and transferred to a microcentrifuge tube for storage. The particles

were sonicated for ~30 s to separate aggregates before use.

3.3.2 Janus particle washing.

Particles were suspended in MQW or phosphate-buftfered silane (PBS) (Research Products
International) with 0.04 vol.% polysorbate 20 (Tween 20, Sigma-Aldrich) and centrifuged at
5,000xG for 1 minute. The supernatant was aspirated from the particle pellet, and the particles

were again resuspended with wash solution. This process was typically repeated 2-3X.

3.3.3 Janus particle surface modification.

To modify the Au hemisphere of the Janus particles, the particles were incubated with a 10
mg/mL solution of 1 kDa BPT (Biopharma PEG) in 3 mM ethylenediaminetetraacetic acid
(EDTA) (Sigma-Aldrich) in PBS (pH ~8) overnight at ambient temperature while mixing at 1200
rpm on a shaking incubator (VorTemp 56, Labnet). After incubation, the particles were washed
into MQW. To modify the Si hemisphere of the Janus particles, the particles were incubated in a
10 mg/mL solution of 1 kDa mPEG-silane (Laysan Bio) in 10* M aqueous HCI (Sigma-Aldrich)
overnight at ambient temperature while mixing at 1200 rpm. After incubation, the particles were
washed into MQW. To functionalize Janus particles with both PEG and BPT, modification with

BPT was performed first.
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3.3.4 Incubation and capture of SA by Janus particles.

Approximately 10° particles were suspended in 400 pL of a 1000 nM solution of Alexa
Flour 594-conjugated SA (Thermofisher Invitrogen) in PBS. The particles were incubated at 1200
rpm for 30 minutes at ambient temperature. After incubation, the particles were washed into

MQW.

3.3.5 ICEP propulsion and recording.

To create a coplanar electrode chamber for ICEP propulsion, the center of a glass slide was
masked with a 2 mm wide strip of Kapton tape along the long axis of the slide. Then, 10 nm Cr
and 100 nm Au were deposited onto the slide via electron-beam evaporation. After metal
deposition, the Kapton tape was removed to reveal two coplanar electrodes. Conductive copper
tape was attached to each electrode to form a connection point for leads from a function generator.
To prepare the propulsion chamber for each tracking experiment, a hydrophobic barrier pen (IHC
World) was used to draw a small square between both electrodes, and two pieces of
polytetrafluoroethylene (PTFE) tape (RS Crum & Company) were placed at the boarders of the
hydrophobic barrier to act as coverslip spacers. The chamber was placed on a Zeiss Axiovert Al
TL/RL inverted fluorescence microscope equipped with a Axiocam 305 mono camera (Zeiss,
Germany) and connected to an Agilent 33210A waveform generator (Agilent) and a Tegam 2340
high voltage amplifier (Tegam). 10 uL of solutions containing approximately 3x10° particles mL-
! were pipetted into the hydrophobic square of the chamber, and a coverslip was placed on top of
the PTFE spaces. Prior to use, coverslips were submerged and cleaned with 5% Decon90 in
deionized water (DIW) overnight. The applied field frequency and strength for all experiments

were 4 kHz and 750 V cm’!, respectively. After application of the field, particle movement was
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recorded for 60 s or more. The propulsion chamber was cleaned by wiping with an acetone-soaked

tissue between experiments.

3.3.6 ICEP tracking analysis.

At least 30 individual Janus particles were tracked for each condition investigated, and
particle position data was extracted from captured videos using the MTrack2 plugin found in
standard Fiji/Image] software. MATLAB was used for all data processing. We used a custom code
to plot position data and to calculate the total displacement of each particle within each particle
condition, as well as the mean total displacement for each condition. All tracking data and plots
can be found in Fig. C.1 and C.2 of the Supplementary Materials. Mean particle speed was
determined by fitting all displacement data within a given condition by simple linear regression
and subsequent extraction of the resultant slope. Significance between conditions was initially
evaluated by analysis of covariance (ANCOVA) using the “aoctool” MATLAB function and
significance between the speeds of paired conditions was evaluated via Tukey-Kramer tests using

the “multcompare” MATLAB function.

3.3.7 Silica probe particle surface modification.

Silica probe particles were modified following a protocol identical to that used to modify
the silica hemisphere of Janus particles. In short, 2 um silica microparticles were washed into
ethanol and subsequently pelleted. The particles were then resuspended in a 10 mg/mL solution of
1 kDa PEG-silane in 0.0001M aqueous HCI and allowed to mix overnight at ambient temperature

and 1200 rpm. After incubation, the probe particles were washed into MQW.
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3.3.8 Gold-shell silica probe particle surface modification.

Gold-shell silica probe particles were modified following a protocol identical to that used
to modify the gold hemisphere of Janus particles. In short, 1 pm silica particles with a shell of 2-5
nm gold nanoparticles (Si-Au, NANOCS) were first washed into MQW. After pelleting, the
particles were resuspended in a 10 mg/mL solution of 1 kDa BPT in 3 mM EDTA in PBS (pH ~8)
and allowed to mix overnight at ambient temperature and 1200 rpm. After incubation, the probe
particles were washed into MQW. Then, to ensure that the BPT-modified gold-shell particles best
replicated the BPT and PEG functionalized Janus particles, the probe particles were resuspended
in a 10 mg/mL solution of 1 kDa PEG-silane in 0.0001M aqueous HCI and allowed to mix
overnight at ambient temperature and 1200 rpm. After incubation, the probe particles were washed

into MQW.

3.3.9 Incubation and capture of SA by probe particles.

Approximately 107 particles were suspended in 1000 uL of a 1000 nM solution of Alexa
Flour 594-conjugated SA in PBS to ensure the same SA area:particle surface area ratio as used in
the incubation and capture of SA by Janus particles. The particles were incubated at 1200 rpm for

30 minutes at ambient temperature. After incubation, the particles were washed into MQW.

3.3.10 Flow cytometry for probe particle analysis.
Probe particle fluorescence was analyzed via flow cytometry (BD FACScelesta) after

incubation with fluorescent SA. Particle solutions for each experimental condition were suspended
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in PBS with 0.04 vol.% Tween 20. Data was analyzed by FlowJo (BD). Additional results and

details can be found in Fig. C.3 and the Supplementary Materials.

3.3.11 Zeta potential measurements.
Each of the prepared probe particle types were resuspended in 1 mL of MQW. The samples
were transferred to an Omega cuvette (Anton Parr) and zeta potential of each probe particle type

was determined using a Litesizer 500 (Anton Parr).

3.3.12 DEP trapping and recording.
DEP trapping was performed using a coplanar interdigitated electrode (IDE) device

(NanoSPR) comprised of electrodes 20 um wide (d, = 20 pum) separated by a gap of 20 um (d,; =

20 um). Electrical wires were soldered to the connection points at the ends of the electrodes to
enable connection to a function generator. The trapping chamber was formed using a thin silicone
rubber spacer (USA Sealing) with a ~4 mm hole in the center created by a biopsy punch to confine
the liquid particle sample. Prior to each experiment, the electrode device and silicone spacer were
washed with acetone and DIW, respectively. To prepare the chamber for a sample, the spacer was
placed on the electrode device such that the IDEs were confined within the center spacer hole. The
IDE device was then fastened to a custom 3D printed holder that enabled stabilized mounting of
the device on the microscope stage (Fig. C.4). The same Zeiss Axiovert A1 TL/RL inverted
fluorescence microscope equipped with a Axiocam 305 mono camera used for ICEP tracking was
used for DEP tracking. The soldered wires were then attached to the function generator and 10 uL.

of a liquid particle sample with an approximate concentration of 5x10° particles mL! suspended
quid p p pp
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in MQW was pipetted onto the electrodes within the silicon spacer and covered by a cover slip.
The loaded sample was left to sit for at least 5 minutes to allow particles to settle to their
approximate mechanical equilibrium height in the solution.!3*136

After the initial 5-minute settling period, the function generator was used to produce a
nonuniform electric field by application of a sinusoidal AC signal (V,,, = 500 mV, Eo =250 V cm-
1) at a set frequency within the range of 200 kHz — 5 MHz. Once the electric field was applied, the
sample was left to sit for an additional 5 minutes to allow for particles to reach their approximate
dielectrophoretic equilibrium position.!*¢!37 During this second waiting period, the electrode
landscape was scanned using the microscope camera to find an area for optimal tracking. To
determine an optimal tracking region, we considered the condition of the trapping electrodes and
the number of trackable particles in view. Specifically, the trapping electrodes were inspected for
any visible signs of damage, and we ensured at least 5 trackable particles were within the frame
and within the viable electrode gaps. Particles that were visibly immobile at any point of the
tracking were excluded as they were assumed to be adsorbed to the substrate and not exhibiting
DEP motion.!?® Particles were also considered trackable if they were sufficiently far away from
neighboring particles (i.e., >10 pm separation) for the duration of the tracking to avoid additional
colloidal interactions that would affect DEP motion.'* Following the second 5-minute waiting
period, the DEP equilibrium motion of the set of particles in frame was recorded for 10 minutes.
Device cleaning and preparation, sample loading, and DEP trapping including the settling periods

were repeated at 10 frequencies (200, 315, 400, 630, 795, 1000, 1500, 2500, 4000, and 5500 kHz)

for each probe particle type studied.
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3.3.13 DEP tracking analysis.

2-12 particles were analyzed at each frequency for each probe particle condition
investigated, based on the quality of the reported particle tracks. Similar to the tracking method
used for ICEP, the MTrack?2 Fiji/ImagelJ plugin was used to extract electrode position and particle
position data from the experimental videos. To improve contrast for precise particle localization
for conditions producing low particle contrast (i.e., unmodified and modified Si-Au particles), a
Difference of Gaussian (DoG) filter was applied to the videos prior to tracking. The Gaussian

standard deviations used for filtering were o1 =5 and 62 = 5.1.

3.3.14 Analysis of DEP data.

MATLAB was again used for all following data processing. First, particle tracks were
normalized to their respective electrode gaps using position data from MTrack2. MATLAB’s
“histogram” function generated position-dependent sampling probability statistics from
normalized particle trajectories. Using MATLAB’s built-in binning algorithm, Scott’s rule was
used to determine histogram bin width and bin numbers for each data set.!*’ For the cases in which
the produced histogram displayed significant noise about the peak, bin widths were manually
increased to effectively smooth the histogram and improve fitting. Boltzmann’s equation was then
used to transform this sampling probability histogram to a corresponding relative potential energy
landscape within the electrode gap. Finally, the dielectrophoretic theoretical potential energy
expression was calculated and fit to the experimental potentials to determine the Clausius-Mossotti
factor, fqy. After repeating this analysis at each frequency studied for a particular particle type
and plotting f-y as a function of applied field frequency, the effective particle permittivity was

calculated by fitting the theoretical f.), to the experimentally measured data points.
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3.3.15 Estimation of individual contributions to permittivity.

To elucidate the individual permittivity contributions of each surface modification on a
given probe particle (i.e., the last step of the DPM method), we followed a smeared-out sphere
approach.!*! This is an iterative process in which the effective permittivity of any modified probe
particle, which we measure through analysis of DEP data, can be decomposed into a sphere formed
by concentric dielectric shells of permittivity ¢;. The equation for the effective complex
permittivity of this multi-shell sphere with N shells is a function of the effective complex
permittivity of a modeled homogenous smeared-out inner sphere (of N — 1 shells) and the
complex permittivity of the outer-most N* shell. By deriving the real component of this complex
expression, the permittivity contribution of each surface modification, ¢;, was determined by
relating the measured real effective permittivity of a given probe particle to the measured real
effective permittivity of the precursing probe particle and solving for the unknown permittivity

contribution of the outermost shell.

3.3.16 Model for ICEP speed prediction.

Results from the DPM method described above were used to predict ICEO flows in our
target model system and investigate predicted changes to these flows as a result of material
polarizability changes. Established general nonlinear, first order electrokinetic theory was
followed to derive expressions for the induced zeta potential and particle velocity,!!®!4? with
special consideration taken for the asymmetry in the azimuthal direction originating from Janus

particle material asymmetry and additional contributions to the linearized potential drop across the
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double layer as a result of surface modifications. This modelling approach is further described in

the Results and Discussion section.

3.4 Results and Discussion

3.4.1 ICEP tracking and analysis.

To enable ICEP propulsion and Janus particle tracking, we prepared silica-based Janus
particles by coating one hemisphere of 2 pm silica particles with Au. We additionally fabricated a
coplanar electrode chamber on a standard glass slide to allow placement on an inverted microscope
equipped with a camera (Fig. 3.2a). Janus particle samples were placed within a hydrophobic
boundary drawn on the surface of the coplanar electrode chamber. The Au electrodes of the
propulsion chamber were connected to a function generator and amplifier, which were used to
apply a 4 kHz, 750 V cm! field to the particle samples in the chamber. After application of the
field, Janus particle motion was captured by video recording. Upon analysis of particle position
data, we noted that the silica-based Janus particles used in this study exhibited frequent tilting and
reversals of direction (Fig. 3.2b). This frequent orientation change leads to complications in
determining particle velocities, as particle orientation directly impacts particle speed in confined

systems where particles undergo motion at solid-liquid interfaces.!*

To extract meaningful motion
data, we therefore first determined the total displacement of recorded particles over time. Because
we analyzed over 30 particles per condition, the mean displacement over time appeared linear for
all conditions (Fig. 3.2c), as can be expected of a singular particle travelling in a straight line by

ICEP. To determine the mean particle speed for each condition, we then fit all displacement data

by simple linear regression and extracted the slope of the fit.
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3.4.2 Surface modifications affect the ICEP of Janus particles.

60

Figure 3.2. ICEP experimental methods and analysis. Schematic of the coplanar electrode
propulsion chamber. (b) Exemplary particle tracks over the course of 60 s from propulsion of Janus
particles modified with BPT on the Au hemisphere and PEG on the silica hemisphere. Particle
tracks are compiled from multiple recordings. (¢) Exemplary total displacement and average total
displacement of tracked Janus particles from (b). Shaded region indicates standard deviation.

which consisted of polystyrene-based Janus particles modified with PEG on the polystyrene
hemisphere and biotin-PEG on the Au hemisphere; we found that, upon capture of SA, ICEM

speed decreased.!3! To both validate the DPM method and further elucidate the origins of this




effect in this study, we prepared six surface-modified Janus particle sample types inspired by our
previous work. Here, we elected to produce silica-based Janus particles. We selected PEG as the
main silica surface modification, as it is commonly used as an antifouling agent in microfluidic
and colloidal applications.!** Finally, we chose to study the modification of Au surfaces by biotin-
PEG and selected SA as a model protein; SA binds biotin with strong non-covalent interactions,
which ensures attachment of protein to biotin-modified particle surfaces during experiments.!#®
The six Janus particle sample types range from unmodified silica-Au Janus particles to silica-Au
Janus particles modified with protein and multiple polymers (Fig. 3.3a). The specific particle types
include: blank Janus particles (JPs), JPs with PEG on the Si hemisphere (JP-PEG), JPs with PEG-
biotin on the Au hemisphere (JP-BPT), and JP-BPTs incubated with SA (JP-BPT-SA). We
additionally produced JPs with PEG on the Si hemisphere and PEG-biotin on the Au hemisphere;
these particles are functionally identical to ICEMs in previous work and are named as such here.
Finally, we examined ICEMs incubated with SA (ICEM-SA).

Upon propelling the particles via ICEP (Fig. C.1, C.2) and subsequently extracting the
mean particle speed for each condition (Table C.1), significance between conditions was
determined by ANCOVA and post hoc Tukey-Kramer tests. Analysis of the speed of the various
particles revealed trends similar to those previously observed. Relative to unmodified JPs, those
with PEG on either or both hemispheres (JP-BPT, JP-PEG, and ICEM) displayed significantly
greater speeds. This can likely be attributed to decreased interactions between the particles and the
glass coverslip of the coplanar electrode chamber, the interface at which all particles were
tracked.!?? This hypothesis is supported in part by the more substantial increase in particle motion
when both hemispheres were modified with PEG (i.e., ICEMs); over the course of Janus particle

tracking, both hemispheres regularly come into contact with the glass interface. Additionally, upon

49



incubation with SA, the particles demonstrated a significant decrease in particle motion, relative
to their controls. This effect was most substantial between the ICEM and ICEM-SA conditions,

which aligns with previous observations.
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Figure 3.3. ICEP surface modification and motion results. (a) Schematic of the surface
modification approach used to generate all six Janus particle types analyzed in the study. (b) Mean
estimated speed of each Janus particle type. N > 30, *P<0.0005, error bars indicate STE of
estimated slope from linear regression.

3.4.3 DEP tracking and analysis.

DEP refers to the electrokinetic phenomenon by which particles suspended in a nonuniform
electric field undergo motion due to particle polarization and the resulting interaction of the dipole
with the field gradient.!3*!36 Changes to the degree of particle electric polarization can manifest as
changes in the particle DEP response and equilibrium motion.!#¢ Here, we describe a method to
assess modification-induced changes to the effective polarizability of surface materials by
observation and analysis of the DEP equilibrium motion of probe particles with various surface
modifications. By building upon a previously demonstrated method to sensitively measure the
interaction between the induced dipole of a polarizable particle and the applied electric field,!*

we present DPM as a framework to leverage DEP to predict changes to ICEO flows in various
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target systems. Tracking and analysis of DEP equilibrium behavior of particles allows direct and
sensitive measurement of dipole-field interaction energies on the thermal energy scale whereas
other methods, such as force measurements using optical tweezers, are limited by resolution.!¥
Additionally, this method offers enhanced sensitivity to dipole-field interactions compared to
dielectrophoretic velocity-based measurements as dissipative hydrodynamic forces present in such
transport measurements increase complexity.!33
When a nonuniform electric field is applied to a suspended particle, the particle moves by DEP in
order to minimize the potential energy of the induced dipole.!**!3¢ The net potential energy for a
single colloid suspended above a substrate in a nonuniform electric field can be expressed as the
sum of the electrostatic interactions with the substrate, particle gravitational potential energy, and
induced dipole-field interactions given by!34147

u™t(x,z) = u(2) + uy(2) + upgp(x, 2). 3.1)
In the absence of an electric field, the particle will settle to a mechanical equilibrium height, h,,
(Table C.2), by a balance between the electrostatic repulsion from the substrate, u,(z), and the

gravitational potential energy, u, (z). Juarez et al. show that when the field is applied, the particles
are confined within several hundred nanometers normal to the surface and excursions about the
mechanical equilibrium height are minimal due to the strong forces acting in the z direction.!3*
The induced dipole-field interactions described by,

uppp(x,z) = —2male, feyE*(x, 2)? (3.2)
solely contribute to measurable excursions in the x direction as a result of the dielectrophoretic
force acting on the particle induced dipole, where a is the particle radius, &, is the permittivity of

the medium, and E*(x, z) is the normalized electric field (Table C.2).13%13% As such, the net 2D
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potential energy can be projected onto the x dimension to obtain the effective potential in the x
direction, where only the induced dipole-field potential energy is considered. Finally, as seen in
Equation (3.2), the strength and direction of induced dipole-field interactions and the resulting
DEP motion are dependent on the relative polarizable properties of the particle and the medium,
embedded in the real component of the Clausius-Mossotti factor,

fou = Re[(&, — &2)/ (&, + 28,)] (3.3)
where &, and &, are the complex permittivity values of the particle and the medium, respectively,
expressed in the full form as

E=¢—id/w, (3.4)

and dependent on the conductivity, o, and angular frequency of the applied field, w.!3® In cases
where fry > 0, the particle is more polarizable than the suspending medium and the potential
energy of the induced dipole is minimized in the region of greatest field strength, located at the
edge of the electrodes (x = £d,;/2). In cases where f¢) < 0, the suspending medium is more
polarizable than the particle and the potential energy of the induced dipole is minimized at the
electric field minimum, located at the center of the electrode gap (x = 0). Particle migration
toward the location of the field maximum (i.e., when f-, > 0) is known as positive
dielectrophoresis (pDEP), whereas migration toward the location of the field minimum (i.e., when
fem < 0) is known as negative DEP (nDEP). These locations are considered the lateral DEP
equilibrium positions and the reference points, x,., for the following analysis.
To experimentally assess the relative polarizable properties of probe particle types and the
suspending medium, probe particles were manipulated by DEP and their equilibrium motion was

analyzed. Particle samples suspended in MQW were pipetted into a rubber tracking chamber
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fastened to confine the particle sample over an IDE array connected to a function generator (Fig.
3.4a). Once the probe particle sample had sufficient time to reach a mechanical equilibrium
position,'3*13¢ an AC voltage of a fixed amplitude of 500 mV was applied to the electrodes
oscillating at a single frequency between the range of 200 kHz — 5.5 MHz. Upon application of
the field, particles moved via DEP to their respective equilibrium positions where potential energy
is minimized, and sufficient time was allotted for particles to reach this position.!3¢!37 After this,
we captured 10-minute videos of the equilibrium DEP motion of the probe particles. After analysis
of these videos, individual particle position trajectories were normalized to their respective
electrode gaps and plotted for all frames using individual particle tracking data and electrode
positions (Fig. 3.4b). This position data was then used to generate histograms of particle position
frequency. Experimentally, the precise theoretical lateral equilibrium position, x,., indicated by the
histogram peak location, may be impacted by distortions in the applied electric field caused by
slight damage to or irregularities in the electrodes, which is commonly observed after repeated use
and cleaning of the IDEs. To account for these slight experimental deviations and to maintain the
integrity of the following analysis method, if needed, the particle positions were slightly shifted to
align their peaks to the theoretical equilibrium position. The histogram was then converted to a
relative sampling probability distribution by normalizing the histogram by the bin value at the
reference point, x,. (Fig 3.4c¢).
The Boltzmann’s equation, expressed as

u(x) —ulx,)

o = nlpGe)/p () (3:5)

was used to transform the relative sampling probability distribution to a relative potential energy

landscape between the electrodes (Fig. 3.4d), where kp is Boltzmann’s constant, T is absolute
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temperature, and x,, = 0 for nDEP and x,, = +d,; /2 for pDEP."3*!*7 The electric field in Equation
(3.2) was evaluated at estimated reference heights of z = h,,, + a for nDEP and z = a for pDEP!3*
to obtain the theoretical effective potential in the x direction. From here, the relative theoretical
potential energy (Equation (3.5)) was calculated and fit to the experimental values obtained from
the transformation of relative sampling probability to relative potential energy to determine the
fcm for the studied particle at a single frequency. Nonlinear regression was used to fit the
theoretical potential energy landscape to the transformed data, using fy, as the only adjustable
parameter (Fig. 3.4d). The above tracking and analysis was performed at 10 frequencies for each
probe particle type to yield full experimental f, profiles over the frequency range of 200 kHz —
5.5 MHz. We did not explore the DEP motion of particles at frequencies lower than 200 kHz as to
avoid interfering effects on the particle motion due to AC electroosmotic flows over the electrodes
produced at lower frequencies.!3¢148

Finally, these individual f), profiles were used to determine the effective polarizability of
each probe particle type by estimation of effective particle permittivity, &,. Using nonlinear
regression and &, as the only adjustable parameter, Equation (3.3) was calculated and fit to the
experimental profiles (Table C.2). The conductivity of the particle, o,, was calculated using an
expression describing the conductivity of a dielectric sphere suspended in a dielectric medium
considering the particle surface conductance (Table C.2).!4%15° The conductivity of the medium
used for fitting, g,,, was assumed to be 6.4 uS/cm which is on the order of what can be expected
for water in the presence of ions from the conjugated materials or dissolved ions.!*! The effective

particle permittivity for each probe particle type was determined and used to compare the effects
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of each surface modification on particle polarizability, as described in the “Individual contributions

of surface modifications to particle permittivity” section below.
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Figure 3.4. DEP experimental methods and analysis. (a) Schematic of the interdigitated
electrode trapping chamber. (b) Exemplary particle tracks over the course of 600 s from trapping
of blank Si probe particles at 4000 and 200 kHz. (¢) Probability distribution of particles from (b).
(d) Potential energy distributions of particles from b and c, obtained by Boltzmann inversion of

data in (c). (e) f¢u of Si probe particles at each investigated frequency and theoretical fit over the
range of 10'-10* kHz. N = 2-12, error bars indicate standard error.

3.4.4 Probe particle surfaces can be modified for comparison with Janus particles.

To elucidate the individual effects of each surface modification on the polarizability — and
resultant motion — of Janus particles, we evaluated five distinct probe particle types by DPM (Fig.
3.5a). These probe particles include blank silica particles (Si), Si particles with surface-bound PEG

(Si-PEG), Si particles with a shell of Au nanoparticles (Si-Au), Si-Au particles with surface-bound

biotin-PEG (Si-Au-BPT), and Si-Au-BPT particles incubated with SA (Si-Au-BPT-SA). All
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surface modifications were completed with the same methods and conditions (e.g., reagent
concentrations, incubation times) utilized for surface modification of the Janus particles. Because
of this, we made the assumption that the modification characteristics, including grafting density of
the polymers and surface coverage by SA, were identical for both the Janus particles and probe
particles. However, it should be noted that, while the Au coating process forms a continuous Au
layer on Janus particles, the Au-Si particles are coated with a shell of nanoparticles with diameters
of 2-5 nm. Though the polarizability characteristics of these Au layers likely differ, we assume
that their overall behavior in electric fields is similar enough to allow valid comparison between
the probe particles and Janus particles. After modification of probe particle surfaces, we indirectly
confirmed successful modification with PEG by flow cytometry (Fig. C.3). We further measured
the zeta potential of all probe particle types for confirmation of surface modification and use in
subsequent calculations. The zeta potential of Si-PEG (-40.6 + 0.7 mV) particles differed
substantially from that of Si particles (-51.7 = 0.8 mV); as PEG is not a highly charged molecule,
the decrease in magnitude of the zeta potential from Si to Si-PEG particles further indicates the
presence of PEG on the particle surface. The zeta potentials of Si-Au-BPT and Si-Au-BPT-SA
particles (-27.5 £ 0.6 mV and -27.0 £ 0.8 mV) were moderately more negative than that of the Si-
Au particles (-23.7 = 0.7 mV), again providing evidence of successful surface modification.
Importantly, there was no significant difference between the zeta potential of probe particles with

or without SA.

3.4.5 Surface modifications change polarizability properties of probe particles.
By measuring and fitting particle-field interaction potentials at 10 frequencies for each

probe particle type, we were able to plot the frequency-dependent polarization behavior relative to
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the suspending medium, f;, vs w (Fig. 3.5a, Fig. C.5, and Table C.3). We then estimated effective
particle permittivity values as described earlier, allowing for direct comparison of the polarizability
properties of the varied probe particle types (Fig. 3.5¢c).

Blank Si probe particles were measured to have the lowest effective particle permittivity of
1.94 x 10~ F/m. The effective particle permittivity slightly increased upon the addition of PEG,
and Si-PEG probe particles were measured to have an effective permittivity of 4.54 X
10711 F/m. Si-Au probe particles exhibited the greatest measured effective particle permittivity
of 4.12 x 1071° F/m, as can be expected due to the highly polarizable gold shell around the
particles. Measured effective particle permittivity further decreased with the addition of BPT and
SA to the gold-shelled particles, where &€g.4,.p7 = 2.00 X 1071 F/m and &g 4, ppr54 =
1.60 x 1071° F/m. These findings illustrate the sensitivity of this method to modification-induced

changes in material polarizability.

3.4.6 Individual contributions of surface modifications to particle permittivity.

The final step in the DPM framework is to determine the effects of individual surface
modifications on particle permittivity. To do so, we used a theoretical core and shell model to
solve for the permittivity value of each surface modification using effective particle permittivity
results from the previous step of the DPM framework.

Huang et al. present a multi-shell theoretical model for a cell in the form of concentric
dielectric spheres of permittivity &; and radius R; (i = 1, 2,3 ... N)."*! According to the model, for

a particle with N-shells, the effective particle complex permittivity &, . can described by
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(En—1err — &n)
(Bn_1efr + 28N)

(Ry/Ry-1)* + 2

Epefr = En . —=, (3.6)
Ry/Ry_y)? — Sizterr = &)

('§N—1 eff T 2§N)

where €y is the effective complex permittivity of the outermost shell and &y_; .55 represents the
effective complex permittivity of the inner sphere with N — 1 shells. Following this formulation,
the real component of this expression was derived and the effective particle permittivity results of
probe particles from DPM experiments were used to systematically solve for the effective
permittivity contributions of each surface modification ¢;, modeled as individual shells (Table
C.2). For example, by substituting the DPM determined real effective particle permittivity values
of the Si-PEG and Si probe particles for Re [e”p ef f] and Re [51\/—1 ef f] , respectively, the permittivity
contribution of the PEG layer is determined by solving for Re[&y] (Fig. 3.5¢). The conductivity
values of the effective inner particle, oy_1 5, and the outermost layer, gy, appearing in the
expression were similarly calculated as in the previous step in analysis.!*!%* This process was
repeated to extract the permittivity of each surface modification ¢; (Fig. 3.5d). In general, these
individual permittivity contributions or permittivity values that are obtained as the final results
from the DPM method can be incorporated into any desired system model to predict changes in

ICEO flows due to surface modifications.
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Figure 3.5. DEP surface modification, f.y fit results, details for layer permittivity
determination, and details for the theoretical model for motion prediction. (a) Schematic of
the surface modification approach used to generate all five probe particle types analyzed in the
study. (b) fcp fits for all five probe particle types analyzed in the study. (c) Particle permittivity
fit values from (b) and schematic representation of the core and shell model used to determine
permittivity contributions from individual surface modifications. (d) Individual permittivity
contributions from each surface modification generated in (c) and schematic representation of the
theoretical model to predict motion of Janus particles with identical surface modifications

3.4.7 Modelling theoretical Janus particle motion.

In the present work, we elected to investigate the effects of surface modifications and
resultant changes in surface polarizability on ICEO flows by studying the ICEP of surface-
modified Janus particles. As such, we developed a corresponding theoretical model to predict
Janus particle ICEP speed for comparison and validation with experiments.

To theoretically predict how measurable changes in surface polarizability due to
modifications affect ICEO flows around Janus particles and thus ICEP speed, we solve the

geometry-dependent nonlinear electrokinetic equations'#?
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drop across the screening cloud, specifically accounting for contributions of the surface
modifications. Here, we consider a spherical particle of radius a present in a binary electrolyte
with a bulk concentration of ions such that the bulk is electroneutral (c; = c_ = ¢;). The Debye

length, defined for a symmetric z:z electrolyte by

a= |SmksT 3.7
| 2(ze)?c,’ (3.7)

where ¢, is the electrical permittivity of the solvent and e is the charge of an electron, is assumed
to be thin (4/a « 1). We note that a thin Debye length approximation was made for solution
simplification although this assumption may not be entirely representative of experiments
performed in water. To account for this, a Debye length of A = 450 nm was used in calculations
which is a reasonable order of magnitude for a Debye length present in MQW. Moreover, we
anticipate the finite Debye length corrections to only change the resulting trends by a factor that
will be cancelled out when comparing velocity ratios.

The particle is assumed to be coated with different material types with thicknesses d; where
i = Si, PEG, Au, BPT, and SA with the assumption d;/a <« 1 (Fig. 3.5d). To incorporate the effect
of different surface modifications, treated here as individual “coatings”, we assume that these
layers each posses an individual electrical permittivity of &;. Additionally, we assume that the

surface charges are small enough that a linearized potential drop is possible and described by

o G
end; 1+K’
LD

7 = (3.8)

where {, is the induced zeta potential over a conducting sphere.
To calculate {,, we follow the approach by Squires and Bazant!!®!4? beginning with

defining that the electric field is applied in the e, direction, parallel to the interface of the two
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particle hemispheres, such that E = Eje, far from the particle. It is experimentally observed that
particles instantly reorient upon application of the electric field and align the line of asymmetry
with the electric field. To represent this, particle asymmetry is assumed to be in the azimuthal
direction, denoted by angle ¢, where the polar angle is denoted by 6. {, is calculated by solving
the Laplace equation with the conditions that there is no flux on the surface and the far-field electric

field is described as
3
(o = _EEOa cos6. 3.9

Considering the asymmetry in the azimuthal, ¢ direction, we denote (; as

So

= < < .
1_|_K1.0—<P—7T, (3.10)

i
corresponding to the Au Janus particle hemisphere and

$o
= < <
1+K2,7r_<p_27t (3.11)

i
corresponding to the Si Janus particle hemisphere.
We note that Squires and Bazant require that the total charge on the particle be zero, which the

above equations satisfy.!!®142 The velocity of the particle is calculated by using the standard

formula based on slip velocity, i.e.,

U=— fust, (3.12)
asJs
where S denotes the surface of the particle and u; is the local slip velocity given by

&
ug = —ImZiE", (3.13)

where E;| = —;EO sin 6 eg. Substituting the value of slip velocity described above, it is

straightforward to calculate that
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1 1
U_C<1+K1_1+K2)ey’ (314)

where c is a constant.

There are various assumptions in the result that require discussion. First, the derivation
assumes a conducting core whereas experiments were performed with Si. To handle this
assumption, Si was incorporated as an individual “coating” in calculations. While this is an
approximate method, we believe it is qualitatively representative of the real system. Second, the
derivation assumes that the attachment of entities can be represented as a volumetric dielectric
constant. In reality, there may be ionic exchanges in this region that depend on layer density and
composition. These effects are currently not included in the model, but could be accounted for in

future work.

3.4.8 DPM and modelling can inform effects of surface modifications on ICEO flow.

Using the individual surface modification permittivity results from the complete DPM
analysis, JP, JP-PEG, JP-BPT, ICEM, and ICEM-SA particles were modeled to predict the particle
velocities for each using eq 14 (Table S4). We evaluated particle speed at both A = 1000 nm, which
is near the upper limit of Debye length in pure water, and A = 32 nm, which is the approximate
value for Debye length for water with ag,,, = 6.4 uS/cm (i.e., the assumed conductivity of water
used in experiments). Modifications to the more polarizable Au hemisphere, over which ICEO
flows are greatest, led to a predicted decrease in ICEP speed. Here, these theoretical calculations
predicted a decrease in speed (i.e., ~4.2—55% for A = 1000—32 nm) upon the addition of BPT on
the Au side (Fig. 6a) and an even further decreased speed (i.e., ~6.4-66% for A = 1000—32 nm)

upon the specific capture of SA by BPT. The calculations did not predict a substantial change in
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speed due to modification of the Si hemisphere by PEG (JP-PEG particles) relative to blank JPs at
either Debye length. Because ICEP is driven by asymmetric ICEO flows that are dominated by the
ICEO flow surrounding the more polarizable surface, it is reasonable that predicted speed
suppression only occurs when the Au side is modified.'*?

Upon comparison with experimentally measured ICEP speeds, we found that the predicted
relative decrease in ICEP speed upon capture of SA by ICEMs reflected the experimentally
observed decrease in particle speed (Fig. 6b). While the magnitude of speed decrease predicted by
our model varied with the assumed Debye length, the experimentally observed speed fell within
the predicted speed range. This finding supports the hypothesis that the decrease in ICEP motion
arises in part from changes to the polarizability of the Au hemisphere of the Janus particle, which
results in decreased ICEO flows. It should be noted, however, that the presence of protein on the
particle’s Au hemisphere may also affect the particle-coverslip interactions and contribute to
particle speed suppression via these interactions. Future work to eliminate assumptions for the
Debye length, thickness of modification layers, or other model parameters may result in closer
matching of experimentally observed and theoretically predicted speed values and changes.

We additionally found that theoretical predictions deviate from experimentally observed
speeds of particles modified with PEG (i.e., JP-PEG, JP-BPT, and ICEMs) relative to unmodified
JPs (Fig. 3.6a). While the presence of BPT on the Au hemisphere of the particles was predicted to
suppress particle motion and the presence of PEG on the silica hemisphere of the particles was
predicted to have limited effects on particle speed, both led to increases in particle speed during
experiments (Fig. 3.3b, 3.6a). As discussed earlier, these discrepancies are likely explained, in
part, by decreased interaction strengths between the Janus particles and the glass coverslip at which

the particle were tracked.'*? Such effects are not present and cannot be measured via the DPM
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method, nor were they taken into account in our theoretical speed predictions. Regardless, our
DPM-based predictions indicate that the experimentally observed speed increases are not
mechanistically explained by changes to particle polarizability. In reality, surface modification-
induced changes to the motion of Janus particles undergoing ICEP likely arise from a combination

of changes to polarizability, surface interactions, and potentially other factors not considered here.
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Figure 3.6. Comparison of experimentally measured ICEP speed and theoretically predicted
speed. (a) Normalized speed of Janus particles modified by polymers relative to unmodified Janus
particles (b) Normalized speed of ICEMs with captured SA relative to control ICEMs. Error bars
indicated STE.
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3.5 Conclusions

In this work, we have introduced dielectrophoretic polarizability measurement, DPM, as a
method to measure the effects of complex surface modifications on the effective polarizability of
probe particles. By use of a core and shell model, the DPM method enabled determination of the
individual contributions of multiple surface modifications to the changes in probe particle
polarizabilities. This information was combined with a theoretical model for ICEP propulsion,
allowing us to predict changes to the speed of Janus particles traveling by ICEP, as well as
investigate the mechanisms by which such changes occur. We additionally modified and
experimentally observed the speed of six different Janus particle types to validate this approach.
We found that the DPM-based theoretical predictions accurately predicted decreases in ICEP
speed when protein is captured on surfaces, as observed experimentally in this and previous work.
These findings support the hypothesis that decreases in ICEP speed upon capture of protein are
mechanistically driven in part by direct changes to the polarizability of metallic surfaces of the
Janus particles. The DPM-enabled predictions also revealed the presence of additional
mechanisms by which ICEP motion is altered by surface modification; there are some
discrepancies between predicted and experimental findings that are likely explained by the
presence of particle-surface interactions in the experimental case, which are not accounted for in
our predictions nor measured by DPM. Thus, the DPM method not only helps to predict influence
of surface modifications on ICEQO, but can also reveal situations in which experimentally observed
changes in ICEO are driven by effects unrelated to surface polarizability. The predictive
capabilities of the DPM-based method are thus likely strongest for induced electrophoretic or
electroosmotic systems in which surface-surface interactions are not present (e.g., microfluidic

pumps). However, this method can be greatly informative in systems in which surface-surface
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interactions or other confounding variables are present. Future work toward enhancing the
predictive capabilities of the method may benefit from inclusion of damping factors in theoretical
calculations to account for surface effects. Additionally, future work focused on validating the
DPM method against systems in which surface-surface or other confounding interactions are not
present may provide key insights toward further development and implementation of this

measurement method.
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Chapter 4: Acoustic pipette and biofunctional, acoustic-responsive microparticle system

for rapid picomolar-level biomolecule detection in whole blood

Previously published as: Thome, C. P.; Fowle, J. P.; McDonnell, P.; Zultak, J.; Jayaram, K.;
Neumann, A. K.; Lopez, G. P.; Shields, C. W. Acoustic Pipette and Biofunctional Elastomeric
Microparticle System for Rapid Picomolar-Level Biomolecule Detection in Whole Blood. Sci.

Adv. 2024, 10 (42), eado9018. https://doi.org/10.1126/sciadv.ado9018. All supplementary media,

including video and stereolithography files, may be obtained at the source of publication.

4.1 Abstract

Most biosensing techniques require complex processing steps that generate prolonged
workflows and introduce potential points of error. Here, we report an acoustic pipette to purify and
label biomarkers in 70 minutes. A key aspect of this technology is the use of functional negative
acoustic contrast particles (fNACPs), which display biorecognition motifs for the specific capture
of biomarkers from whole blood. Due to their large size and compressibility, the fNACPs robustly
trap along the pressure antinodes of a standing wave and separate from blood components in under
60 seconds with >99% efficiency. fNACPs are subsequently fluorescently labeled in the pipette
and are analyzed by both a custom, portable fluorimeter and flow cytometer. We demonstrate the
detection of anti-OVA antibodies from blood at picomolar levels (35-60 pM) with integrated
controls showing minimal non-specific adsorption. Overall, this system offers a simple and

versatile approach for the rapid, sensitive, and specific capture of biomolecules.
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4.2 Introduction

Detection of biomolecules from biofluids using both qualitative and quantitative assays is
essential for patient diagnosis and disease monitoring.!*!> Many qualitative assays benefit from
user-friendliness, minimal points of error, and simple readouts that eliminate the need for complex
instrumentation; however, they generally fail to enumerate biomarkers or detect rare (picomolar-
level) analytes. For example, lateral flow assays (LFAs) are implemented widely for point-of-care
(POC) testing due to their ease-of-use and simple readouts that can be analyzed by eye.!®!7
However, LFAs typically cannot yield quantitative results, which lessens their usefulness in
evaluating immune states on the individual and population-levels.!®!” Quantitative assays,
however, have the capacity to provide numerical readouts that offer a more comprehensive
understanding of patient conditions. Enzyme-linked immunosorbent assays (ELISAs) are
considered the gold standard for quantitative biomarker detection due to their ability to provide
high sensitivity and specificity; however, ELISAs entail numerous blocking, labeling, and washing
steps that require substantial user engagement for several hours.?>?! As a result, this assay and
others like it introduce multiple potential points of user-related error that can lead to false results;
moreover, they require the use of complex, expensive, and bulky instrumentation that limits their
use in laboratory settings.

To merge the benefits of qualitative and quantitative biosensing assays, we have developed
a class of acoustically responsive functionalized microparticles and a handheld, ergonomic
acoustic pipette for the rapid, sensitive, and user-friendly detection of biomarkers by downstream
fluorescence analysis (Fig. 4.1, upper row). The presented system offers multiple advantages over
ELISA while maintaining the same effective sensitivity. To accomplish this, the pipette contains

an acoustofluidic trapping channel wherein biospecific functional negative acoustic contrast
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particles (fNACPs) are rapidly purified from whole blood via acoustofluidic trapping. Due to their
negative acoustic contrast, fNACPs trap along the acoustofluidic channel walls while cells are
pushed to the center of the channel due to their positive acoustic contrast. By relying on acoustic
trapping, this technology i) eliminates the need for extensive sample preparation, ii) enables a
simplified assay workflow with reduced points of potential user error, and iii) decreases overall
assay time to only 70 minutes.

The fNACP functionalization approach we utilize allows for the simple tuning of fNACP
biomarker specificity. To facilitate biomarker detection in this study, fNACPs were functionalized
with antifouling polymer brushes terminated with antigen recognition elements to capture antibody
biomarkers (Fig. 4.1, lower row). Using ovalbumin (OVA)-functionalized fNACPs, we show the
sensitive detection of anti-OVA immunoglobulin G (IgG) antibodies (Ab) at picomolar levels (35
pM) when analyzed by flow cytometry. By integrating wash buffer and fluorescent secondary
antibodies into the acoustic pipette, we demonstrate a simplified assay workflow in which, after
capture of anti-OVA from whole blood, fNACPs can be rapidly purified from blood, washed,
labeled with a fluorescent antibody, and ejected for fluorescence analysis with only approximately
10 minutes of user involvement. Enumeration of biomarker concentration can then be completed
by comparison to fNACP-based assay calibration curves. Finally, we show toward-POC detection
of anti-OVA IgG at 100 nM using a custom benchtop fluorimeter designed to house the acoustic
pipette. The fluorimeter dramatically simplifies fluorescence analysis compared to that which is
required by flow cytometry, which in turn substantially broadens the range of situations in which
the presented NACP-based assay may be applied. This technology could thus be useful for

monitoring the health of patients or informing diagnoses for a breadth of diseases and conditions,
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such as viral infections, bacterial infections, cancer, and allergic reactions, which are detectible via

measurement of biomarker levels in biofluids.
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Figure 4.1. Schematic overview of the particle-based, acoustic pipette-enabled biosensing
assay. INACPs capture target biomarkers from whole blood samples. fNACPs are then purified
from blood components by acoustic trapping, and captured biomarkers are labeled with a
fluorescent antibody within the acoustic pipette. fNACP fluorescence is then measured to
determine biomarker presence and concentration. Illustrations are not to scale.

4.3 Results

4.3.1 Production of trappable, low polydispersity microparticles

Acoustic standing wave-based acoustofluidic separation leverages acoustic radiation

forces to direct particles, cells, or other objects towards different stable positions along the standing

wave. The primary acoustic force acting axially (i.e., perpendicular to the channel walls) on

particles in an acoustic standing wave is given by:
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where p is the pressure amplitude, V, is the particle volume, 4 is the ultrasonic wavelength, x is
distance from the pressure node, and k is defined as 27" The acoustic contrast factor, ¢(f3, p), is

given by:
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(4.2)

where variables p and [ represent the density and compressibility, respectively, and the subscripts
p and f denote the suspended object and the carrier fluid, respectively.!%®152153 When a half-
wavelength standing wave is established within a microfluidic channel, such as a glass capillary,
positive acoustic contrast particles (PACPs) with diameters much smaller than the wavelength
(e.g., cells) move towards the pressure node, which is located along the middle of the channel.!>*
Alternatively, negative acoustic contrast particles (NACPs) undergo acoustophoresis to the
antinodes along the walls of the channel. In addition to the primary radiation force, particles and
cells in the channel also experience a secondary radiation force, which is attractive between
particles at close distances.!>*!3> Therefore, when NACPs undergo acoustophoresis, they are
forced to the channel walls and subsequently aggregate. Finally, beyond the axial component of
the acoustic radiation force, particles in an acoustofluidic channel experience a lateral acoustic
radiation force that originates from gradients in the local acoustic potential along the channel and
acts parallel to the channel, toward regions of local acoustic minima or maxima. In certain
conditions, such as at high acoustic radiation forces, this can result in acoustic trapping, which we
define as the immobilization of NACPs along the pressure antinodes in the presence of an applied

flow, due to both the lateral component of the primary acoustic radiation force and the secondary
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acoustic radiation force exceeding the force on NACPs from Stokes’ drag.!>>:!>6 Previous work has
shown use of continuous acoustic separation of NACPs from cells or other PACPs by an acoustic
standing wave within trifurcating microfluidic channels; however, to our knowledge, static
trapping of NACPs under continuous flow has not been rigorously demonstrated.!%137-15% This
trapping approach eliminates the need for complex fluidic channels, relative to continuous
separation, simplifying device manufacturing and reducing costs. Unlike trapping of NACPs,
trapping of PACPs has been shown previously; however, because the fluid flow rate at the channel
walls is much lower than that at the middle of the channel, trapping of NACPs can occur at

throughputs much higher than trapping associated with PACPs,!6:160-162

Finally, due to the
discriminant forces on cells and elastomeric particles in an acoustic standing wave, acoustofluidic
technologies have the potential for higher separation purities than methods using optical, electrical,
or magnetic fields.!63-164

To leverage the multiple benefits of separation via trapping of NACPs, we developed a
technique to produce highly trappable, microscale NACPs. Base NACPs were first produced by
homogenization of a polymer precursor containing 0.1% v/w triethoxyvinylsilane (TEOVS) in
Sylgard 184 polydimethylsiloxane (PDMS) submerged in a solution of Pluronic F108 surfactant.
PDMS was selected as the primary NACP material due to its inherent negative acoustic contrast,'>?
while TEOVS was included to yield functional silane groups on the surfaces of NACPs for later
functionalization steps.!®> After homogenization and formation of precursor droplets in an
emulsion, the solution was heated to cure the PDMS and form polydisperse NACPs. As the use of
polydisperse NACPs in a fluorescence-based assay was expected to increase variability of

measurements (Fig. D.1), we opted to isolate a low-polydispersity fraction of the NACPs by

sequential vortexed filtration through 40, 30, and 20 pum filters, collecting the NACPs retained by
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the 20 um filter (Fig. 4.2A). This process yields NACPs with a low polydispersity (Fig. 4.2B) with
a mean size of 24.3 um (coefficient of variance (CV) = 12.4%, Fig. 4.2C). These particles are large
relative to many particles used in diagnostic assays.'®® While the use of smaller particles in assays
may offer the potential for faster particle-biomarker binding interactions due to increased
diffusivity, we expected that the larger particle size also facilitates faster, more robust trapping of
particles under flow, as the magnitude of acoustic radiation forces scales proportionally with the
volume of particles (cubically with the radius), as seen in Equation (4.1).!5 As such, we anticipated
that the use of larger, more trappable particles would enhance the isolation and recovery of
captured biomarker. If desired, the NACP size could be easily tuned without modification of the
production approach by simply selecting filters sized for the isolation of a smaller population of
NACPs; however, a detailed investigation of the interplay between particle size and total recovered

biomarker is reserved for future studies.
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Figure 4.2. NACP production. (A) Schematic overview of NACP production. A PDMS precursor
droplets. The solution is heated to facilitate PDMS crosslinking. Cured
particles are filtered while vortexing to isolate a low-polydispersity fraction of NACPs. (B)
Brightfield microscopy image of isolated NACPs. Scale bar = 100 pm. (C) Histogram of isolated
NACEP sizes, as determined by image analysis (N = 3812).

To assess the acoustic trapping of NACPs, we fabricated an acoustofluidic trapping channel
by affixing a square glass capillary with a I mm x 1 mm inner width and height to a piezoelectric
transducer possessing a resonance frequency of 750 kHz (Fig. 4.3A). The transducer was actuated
by applying an AC sine wave via leads connected to a function generator and amplifier. By

at or near 750 kHz, a half-wavelength standing wave was established in

the capillary channel. We monitored transducer heating by measurement of the transducer
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temperature after prolonged (> 5 min) application of 750 kHz sine waves of increasing voltages
(from 1 to 50 V;p) and determined that application of a 30 V,,;, sine wave did not cause heating
above 37°C; as such, transducers were operated at 30 Vp, for the remainder of the studies. We
passed a solution of fluorescent streptavidin-coated NACPs in phosphate buffered saline (PBS)
through the device at a flow rate of 0.5 mL min! and applied a 750 kHz sine wave to the transducer.
We found that the NACPs were strongly trapped along channel walls (Fig. 4.3B, Supplementary
Video). Trapping was readily achieved due to the large volume of the NACPs (>20 pm dia.)

compared to past studies.'®’

4.3.2 Purification of NACPs from whole blood
Whole blood is replete with red blood cells (RBCs), white blood cells (WBCs), and
platelets that have the potential to disrupt pressure waves by scattering, possibly reducing the

ability to acoustically trap NACPs,!52:153.168

Previously, researchers have either removed or lysed
RBCs when conducting acoustofluidic separations from whole blood.'®-!7° However, use of RBC
lysis buffer requires an additional processing step, complicating and elongating assays. To evaluate
the necessity of an RBC lysis step in the acoustic pipette, we mixed 5x10* NACPs with 100 pL
whole porcine blood containing sodium heparin anticoagulant, whereby WBCs were stained with
NucBlue Live Cell Stain, and diluted to 1 mL with either 1X RBC lysis buffer or wash buffer
composed of 1% w/v bovine serum albumin (BSA) in PBS. We then passed the solutions through
the acoustofluidic trapping channel at a flow rate of 0.5 mL min™' with acoustics engaged and
collected both the separated waste, rich in blood components, and the purified sample of NACPs

(Fig. 4.3C). Using flow cytometry, we enumerated i) NACP retention, quantified by dividing the

number of NACPs in the purified sample by the total number of NACPs in the purified sample and
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waste, and ii) sample purity, quantified by comparing the number of WBCs in the purified sample
to the total number in both the purified sample and waste (Fig. D.2). We found that use of RBC
lysis buffer did not significantly improve NACP retention nor sample purity (Fig. 4.3D), indicating
that RBC lysis is not necessary at the flow rate tested, simplifying assay workflows and increasing
POC translatability.

Previous demonstrations of acoustofluidic separation of NACPs have been unable to
achieve high flow rates, limiting their value in rapid diagnostics applications.!*%!64170 The main
challenge in increasing flow rates through acoustofluidic devices is that such increases result in
NACP channel residence times that are insufficient for full separation. Li et al. were able to achieve
97.5% NACP separation by continuous separation in a trifurcating channel, but the flow rate was
limited to 50 uL min™'.!% We hypothesized that this limited throughput was a result of the smaller
acoustic radiation forces on the NACPs due to their smaller sizes (i.e., 1.5 pm in the study by Li
et al. compared to the 24.3 pm NACPs in this study). To evaluate the achievable throughput of our
system, we again mixed 5x10* NACPs with 100 uL stained whole porcine blood and diluted to 1
mL with wash buffer. We passed the mixtures through the device at 0.5-6.0 mL min’! using a
syringe pump and analyzed the resultant separated waste and purified samples as described earlier.
We found that the retention of NACPs remained above 95% at flow rates up to 5 mL min™!, 100-
fold higher than that achieved by Li ef al. (Fig. 4.3E). Moreover, sample purity remained above
95% for all evaluated flow rates (Fig. 4.3F). To ensure high (i.e., ~99%) NACP retention, all
subsequent acoustofluidic purifications were performed at 3 mL min™.

Characterization of the trapping channel described thus far utilized a syringe pump to
establish precise flow rates. To assess manual operation of the acoustofluidic trapping channel,

which is expected to lead to less precise flow rates, five human operators manually pushed fluid
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through the device by syringe while targeting a flow rate of 3 mL min™!. We found that manual
operation of the device did not significantly differ from operation by syringe pump, establishing
that the trapping channel could be integrated into the handheld acoustic pipette without sacrificing

separation performance (Fig. 4.3G, Fig. D.3).
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Figure 4.3. NACP trapping and purification from whole blood. (A) Schematic illustration of
the acoustic trapping channel including the piezoelectric transducer, glass capillary, and electrical
leads. (B) Acoustic trapping of NACPs within a glass capillary supporting a half-wavelength
standing wave. NACPs, shown in green, were coated with fluorescent streptavidin. Scale bar =
200 pum. (C) Representative images of separated waste, rich in cells, and a purified sample, rich in
NACPs, after processing 5x10* NACPs in 100 pL unlysed blood diluted to 1 mL with wash buffer
in the acoustofluidic trapping channel at 0.5 mL min™!. (D) Comparison of NACP retention and
sample purity after separation from lysed and unlysed blood samples, N > 4. (E) NACP retention
over a range of flow rates through the acoustofluidic trapping channel, N > 4. (F) Sample purity
over a range of flow rates through the acoustofluidic trapping channel, N > 4. (G) Comparison of
NACP retention and sample purity after separation by automated syringe pump (red bars; N = 5)
and manual operation (grey bars; N = 24). Data for manual operation is compiled from 5 individual
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operators, each with 4 or 5 individual samples. All data is presented as mean + standard deviation
and significance between conditions was evaluated using one-tailed Student’s t-tests.

4.3.3 fNACP functionalization

To create a functional assay that leverages the NACPs, we designed an on-particle
sandwich assay resembling ELISA, wherein target biomarkers are specifically captured by
recognition elements bound to the surfaces of functionalized NACPs (fNACPs) and subsequently
labeled by fluorescent secondary antibodies for analysis (Fig. 4.1, Fig. 4.4A). When designing a
biomolecule detection assays, it is crucial to minimize matrix effects, as they may interfere with the
assay and lead to false results.!®® We speculated that nonspecific adsorption of proteins or other
molecules to the fNACPs could result in improper labeling by the secondary antibody; as such, we
designed the fNACPs to include a polyethylene glycol (PEG)-based antifouling layer.”-1°! Thus,
to functionalize base-NACPs, we bound 2 kDa biotin-PEG-silane (BPS) to silane reactive groups
from the incorporated TEOVS on NACP surfaces, yielding biotin-functionalized NACPs with an
intrinsic antifouling coating. Biotin is a small molecule that binds strongly to streptavidin (SA), a
moderate-sized (~52.8 kDa) protein with four biotin binding sites.!% Because of its four binding
sites, addition of SA to the fNACPs enables subsequent conjugation of a variety of biotinylated
recognition elements (e.g. antibodies, aptamers). Here, we selected biotinylated OV A as a model
biorecognition element and anti-OVA IgG as a model biomarker. While the model biorecognition
element and antibody biomarker pair are not clinically relevant, the proteins are structurally and
functionally similar to many proteins that are. Thus, functionalization of fNACPs with more
clinically relevant biotinylated recognition elements (e.g., SARS-CoV-2 spike protein) would
likely produce similar assay performances when detecting their respective clinically relevant

biomarkers (e.g., anti-SARS-CoV-2 spike protein antibodies). Further, anti-OVA is not naturally
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found in porcine blood, allowing us to spike in known concentrations. Notably, the inclusion of
the PEG linker, in addition to providing antifouling properties, is expected to allow more favorable
orientations of OVA to enhance anti-OVA capture, relative to OVA bound directly to the NACP

surface.!0’

4.3.4 fNACP functionalization specificity

To investigate specificity of NACP functionalization, we produced low polydispersity
NACPs and functionalized their surfaces with the BPS linker. We then incubated BPS-decorated
NACPs with fluorescent SA (FSA), yielding FSA-functionalized NACPs (Fig. 4.4B). We assessed
FSA fluorescence via flow cytometry; as controls, we analyzed the fluorescence of blank NACPs,
NACPs incubated with FSA blocked by free biotin, and NACPs without the BPS linker and
incubated in FSA (Fig. 4.4C). Compared to the control groups, BPS-decorated NACPs incubated
with FSA had substantially greater fluorescence intensity, suggesting that SA binding to fNACPs
is specific and enhanced by the BPS linker. Moreover, the decreased fluorescence of NACPs with
BPS and incubated with blocked FSA, relative to NACPs without BPS and incubated with FSA,

provides evidence that inclusion of BPS suppresses nonspecific adsorption of proteins.

4.3.5 fNACP functionalization durability

To assess if particles functionalized with SA are impacted by conditions that will be present
in a typical acoustic pipette-enabled assay, we mixed 5x10* FSA-functionalized NACPs in 1 mL
wash buffer and subsequently separated the mixture in an acoustic trapping channel. We measured
the median fluorescence of the purified NACPs by flow cytometry. As a control, we also measured

fluorescence of FSA-functionalized particles from the same batch that did not undergo additional
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manipulation after functionalization (Fig. 4.4D). There was no significant decrease in fluorescence
of the separated particles, indicating that NACP functionalization to the point of SA was resilient

against the assay conditions associated with acoustofluidic separation.
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Figure 4.4. fNACP functionalization. (A) Schematic illustration of fNACP functionalization. (B)
Fluorescence microscopy image of fNACPs functionalized with fluorescent SA (FSA). Scale bar
= 100 um. (C) Histograms of fluorescence intensity of fNACPs without FSA, incubated with
blocked FSA, incubated with FSA and without BPS, and with FSA and BPS as normal. Data is
presented on a biexponential x-axis. (D) Comparison of NACP FSA fluorescence intensity with
and without acoustic separation. Data is presented as median + standard deviation, N = 5.
Significance between conditions was evaluated using a one-tailed Student’s t-test.

4.3.6 fNACP-based assay

To create an fNACP-based assay with a built-in control, we generated nonfluorescent anti-
OVA-specific fNACPs (capture fNACPs) and fluorescent NACPs lacking a recognition element
(control NACPs) (Fig. 4.5A). To generate the control NACPs, we functionalized NACPs with

green FSA as described earlier, and subsequently blocked remaining biotin-binding sites by
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incubation with a >12-fold molar excess of free biotin. During coincubation of capture fNACPs
and control NACPs with samples containing spiked anti-OVA, anti-OVA should only bind to
capture fNACPs. Then, during the subsequent labeling step, red fluorescent secondary antibodies
should only bind to anti-OVA on the nonfluorescent capture fNACPs. During subsequent
fluorescence analysis, the green fluorescent control NACPs can be checked for red fluorescence

as an indicator of nonspecific adsorption (Fig. D.4).

4.3.7 Standalone fNACP assay performance in buffer

We measured the performance of the fNACP-based assay by measuring the limit of
detection (LOD), lower limit of quantification (LLOQ), upper limit of quantification (ULOQ), and
dynamic range. We define the LOD in this study as the concentration of biomarker that yields an
average median fluorescence intensity (MFI) three standard deviations above the median
background fluorescence. The LLOQ and ULOQ are defined as the lowest and highest
concentration of biomarker, respectively, that can be reliably quantified, which is generally
accepted to be that which yields a CV < 20%; the dynamic range is the range between the LLOQ
and ULOQ.!""172 To quantify these metrics, we resuspended 1x10* control NACPs and 1x10*
capture fNACPs in 100 uL wash buffer spiked with anti-OV A over the range of 10#— 10* nM anti-
OVA and incubated at room temperature for 30 min under agitation. The number of each NACP
type used per sample (1x10%) was selected to ensure that sufficient numbers of NACPs were
present for analysis by flow cytometry while also minimizing total particle number to avoid
potential dilution of signal across particles. The total surface area of the particles used was
approximately 58% of that of a single well on a 96-well plate, commonly used in ELISA. After

anti-OVA capture, the particles were incubated with fluorescent anti-IgG for 30 min. The particles
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were then washed and analyzed via flow cytometry (Fig. 4.5B, Fig. D.4, Fig. D.5). To enable
enumeration of biomarkers and extract assay performance characteristics, experimental data was
fit to a 5-parameter logistic curve (5PL), commonly used to fit experimental data from biosensing
assays such as ELISA.!%%173 Using this curve fit, the LOD and LLOQ were determined to be 0.035
nM, a sensitivity on the order of that reported for a commercial ELISA for anti-OVA (0.013
nM).!”* We were unable to determine an ULOQ, as all investigated high anti-OVA concentrations
yielded CVs < 20%. While the ULOQ could not be quantified, it is apparent that the dynamic
range of the assay is much larger than that of commercial ELISAs (i.e., spanning at least 6 orders
of magnitude, surpassing ELISA, which spans only ~2 orders of magnitude). The wide dynamic
range of the assay relative to that of ELISA largely stems from the dissimilar signals and signal
measurement approaches used in each assay. Fluorescence measurement systems typically allow
measurement of fluorescence intensities at high cutoff values before signal saturation, whereas
colorimetric measurements used for ELISA are limited by saturation of the optical density,
restricting the dynamic range.!”>177 As expected, the fluorescence of the control NACPs did not
significantly increase with increasing anti-OV A concentration, indicating that the labeling by the
secondary antibody was specific, as shown in a representative image of the control NACPs and

capture fNACPs after completion of the assay (Fig. 4.5C).
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Figure 4.5. fNACP assay overview. (A) Schematic illustration of standalone NACP-based assay
for anti-OVA detection. Capture fNACPs and control NACPs are incubated with anti-OVA,
separated, and analyzed simultaneously by flow cytometry. (B) Capture fNACP and control NACP
anti-IgG fluorescence over range of anti-OVA concentrations spiked in buffer. Data was fit to a
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Overlaid fluorescence microscopy images of control NACPs and capture fNACPs after incubation
with fluorescent anti-IgG after incubation with 5x10* nM anti-OVA. Images were captured using
green and red fluorescence channels. Scale bar = 50 um.

4.3.8 Acoustic pipette design and assay workflow

Using primarily CAD and 3D printing, we created the ergonomic, handheld acoustic
pipette (Fig. 4.6A, Fig. D.6). To accommodate all necessary assay components, the pipette was
designed with two main parts: i) the main pipette body, which contains three syringe chambers to

store wash buffer and fluorescent secondary antibody, and ii) the trapping tip, which contains the

acoustofluidic trapping channel and related components (Fig. 4.6B). The trapping tip is detachable

83



from the main body of the pipette, and switching between chambers is facilitated by a facile twist-
and-lock mechanism (Fig. 4.6 inset). The trapping channel is accessed by piercing an elastomeric
injection port with needles attached to each of the three chambers in the main body of the pipette.
Notably, the injection port prevents contamination between chambers and additionally prevents
air from entering the channel when switching between chambers, which could cause disruption of
the acoustic standing wave in the trapping channel. Pipette components are sized to process 100
uL of whole blood, which is a standard volume for many blood-based detection assays that utilize
finger-prick sampling.!78-180

The pipette design enables a simple workflow that eliminates the many cumbersome steps
associated with traditional immunoassays (Fig. 4.6C). Capture fNACPs and control NACPs are
first resuspended in 100 pL whole blood containing the target biomarker and are incubated outside
of the pipette in a tube for 30 min. Then, the sample is diluted in wash buffer from Chamber 3 of
the pipette. The sample is then withdrawn from the sample tube with acoustics engaged, trapping
the NACPs and fNACPs in the trapping tip, while the waste blood is pulled into Chamber 3 for
containment. The particles are then further washed by pulling fresh wash buffer through the
channel and into Chamber 3. The trapping tip is then switched to Chamber 1, acoustics are
disengaged, and the particles are pulled into Chamber 1 for incubation with fluorescent secondary
antibodies for 30 min. After incubation, the particles are ejected back into the trapping tip with
acoustics engaged. The particles are further washed by switching back to Chamber 3 and
withdrawing wash buffer past the particles. Finally, the acoustics are disengaged and wash buffer
from Chamber 2 is used to eject the particles into tubes for analysis. Notably, user engagement is
only required for approximately 10 minutes of the assay, and the entirety of the assay takes only

approximately 70 minutes. Most of the assay time is consumed by the two 30-minute incubation
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steps. Notably, this incubation time can vary based on the binding affinity between the recognition
elements and the targets being detected as well as the concentrations of the various components.

Optimization of these factors could potentially lead to even shorter assay times.
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4.3.9 Performance of acoustic pipette-assisted, fNACP-based assay in whole blood

To evaluate the fNACP-based assay after integration into the acoustic pipette, we incubated
1x10*control NACPs and 1x10* capture fNACPs in 100 pL of whole blood spiked with anti-OVA
over the range of 10 — 10° nM. After incubation, we used the acoustic pipette to purify, wash, and
label the particles as described earlier (Fig. 4.7A). Upon analysis by flow cytometry, we found that

the performance of the assay was similar to that of the standalone assay performed outside of the

pipette in buffer, in terms of dynamic range, LOD, and general signal response. The measured
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LOD and LLOQ were both 0.06 nM; this value is minimally elevated relative to the standalone
assay conducted in buffer, as can be expected when conducting an assay in a complex biofluid like
whole blood (Fig. 4.7B). Again, the dynamic range was not fully defined, but no apparent
saturation point was reached, indicating a dynamic range spanning at least 5 orders of magnitude.
The control NACPs exhibited slightly elevated anti-IgG fluorescence at high anti-OVA
concentrations, relative to the assay conducted outside the pipette. We speculate this elevated
fluorescence originated from nonspecific adsorption of proteins from blood, considering such
elevation was not observed in the assay conducted in buffer alone. This suggests that detection of
anti-OVA at high concentrations from whole blood may be inconclusive, necessitating retesting
such samples after dilution. The control NACPs thus enable simple evaluation of assay
performance and reliability, as designed. Future work dedicated to engineering the length, packing
density, and composition of the antifouling polymer could further enhance the antifouling
properties of the capture fNACPs and control NACPs to ultimately enhance assay performance in
complex biofluids. Overall, the NACP-based assay performance remained predominantly
unchanged when integrated with the acoustofluidic pipette and detecting biomarkers from whole

blood samples.

4.3.10 Design and performance of custom fluorimeter for NACP-based assay analysis

While analysis of NACP fluorescence by flow cytometry helps to provide high sensitivity
and a broad dynamic range owing to its use of narrow band laser excitation sources and highly
sensitive photomultiplier tubes for emission detection, restricting analysis to flow cytometry is
prohibitive to many POC testing situations due to bulkiness of — and lack of widespread access to

— such instrumentation. To demonstrate integration of the NACP-based, acoustic-pipette enabled
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assay into a POC-compatible system, we designed a custom benchtop fluorimeter that can dock
with the acoustic pipette and analyze fNACP fluorescence. By integrating the NACP-based assay,
pipette, and fluorimeter, the resultant system is portable and capable of simplified completion of
the entire assay, including capture, isolation, and detection of biomarkers. The main components
of the fluorimeter include an LED light source, a shortpass (SP) filter, a 100 uL cuvette, a longpass
(LP) filter, and a photodiode (PD). During assays, fluorescent labels on the NACPs in the cuvette
are excited by the filtered LED light, and light emission is detected by the photodiode (Fig. 4.7C,
Fig. D.9). Notably, the 600 nm SP and 590 nm LP filters were selected specifically for analysis of
the Alexa Fluor 594 fluorophore conjugated to the secondary antibody; by simply switching out
these filters, other fluorophores can be detected by the system. Moreover, the cuvette size can be
tuned depending on the volume of samples being tested, making the fluorimeter and its overall
sensitivity customizable to application needs. The bulk of the setup, including a photodiode
amplifier, mini oscilloscope, and the main fluorimeter body, easily fits on a benchtop. We designed
and 3D printed a fluorimeter pipette docking cap to interface with the acoustic pipette; after all
pipette-based assay processing has been completed, the pipette can be inserted directly into the
fluorimeter to eject NACPs into the cuvette for analysis (Fig. 4.7D, E). A more detailed description
of the fluorimeter setup can be found in the Supplementary Materials.

While flow cytometry analyzes fluorescence of individual particles, the custom fluorimeter
excites and detects light emission from a large cluster of particles simultaneously. This decreases
measurement time and post-measurement analysis substantially, increasing ease-of-use as a result.
To maximize fluorescence signal from groups of particles, we modified the NACP-based assay by
increasing the number of NACPs, as well as the sample volume, 10-fold. As the fluorimeter was

designed for measurement of a single fluorophore, control NACPs were excluded from this study.
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Thus, the workflow for using this instrument is identical to that shown in Fig. 4.7A, with the only
difference being the exclusion of control particles. To test performance of the fluorimeter, we
incubated 10° OVA-functionalized fNACPs in 1 mL of wash buffer spiked with 0, 10!, 102, and
10° nM anti-OVA, subsequently labeled the fNACPs with fluorescent secondary antibody, and
measured fluorescence using the fluorimeter. We measured significant detection at both 102 and
10° nM anti-OVA, as indicated both by statistical significance and by fluorescence signals at least
3 standard deviations above that of NACPs incubated with the secondary antibody and without
anti-OVA (i.e., the background). While the signal at 10! nM anti-OVA was not significantly
different from that of the background sample, the calculated P value of 0.07 suggests that this
concentration is near the detection limit of the described system and assay. Because the fluorimeter
prototype uses a broadband LED excitation source and silicon photodiode for emission detection,
rather than a laser excitation source and photomultiplier tube that are used in flow cytometers, this
sensitivity is lower than that associated with flow cytometry; however, the modular design of the
fluorimeter could be exploited to enhance sensitivity in future work. For example, the photodiode
can be replaced with a more sensitive detector (e.g., avalanche photodiode) or a smaller cuvette
could be used to further concentrate the NACPs. Overall, we have created the first prototype POC
measurement instrument that can be integrated with the handheld acoustic pipette and fNACP-
based assay to enable the rapid and simple isolation and detection of proteins without bulky,
expensive instrumentation. These results highlight the flexibility and potential of the NACP-based

assay to capture various different biomarkers from whole blood in a rapid and sensitive manner.
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Figure 4.7. Detection of anti-OVA from whole blood in the acoustic pipette. (A) Schematic
illustration of the workflow for detecting anti-OVA from whole blood in the acoustic pipette. (B)
Fluorescence of anti-IgG on capture fNACPs and control NACPs over range of anti-OVA
concentrations spiked in whole blood. Data was fit to a SPL curve to determine the assay LOD and
LLOQ. Dotted line indicates baseline fluorescence of {NACPs without fluorescent anti-IgG. Data
is presented as mean MFI =+ standard deviation. N = 3. (C) Schematic illustration of the primary
components of the custom fluorimeter, including the LED source, a SP filter, a cuvette for
containing the fNACP samples, a LP filter, and a photodiode detector. (D) Image of the custom
benchtop fluorimeter and associated electronics. (E) Image of the main fluorimeter body, which
houses all components from (c). (F) Capture fNACP anti-IgG fluorescence over range of anti-
OVA concentrations spiked in buffer, as measured by the custom fluorimeter. Data is presented as
normalized signal + standard deviation. Significance between conditions was evaluated using a
one-tailed Student’s t-test. N = 3, ¥P<5x1073, **P<5x107, relative to background.

4.4 Discussion

We demonstrate an NACP-based, acoustic pipette-enabled assay that isolates biomarkers
from whole blood for rapid and sensitive detection in a simple, ergonomic handheld device. This
work integrates two key innovations: i) fNACPs that specifically capture target biomolecules while

suppressing nonspecific adsorption and ii) an acoustic pipette that enables the rapid purification,

washing, and labeling of biomarkers. We describe methods to synthesize large NACPs with a low-
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polydispersity (i.e., <15% CV) that can be acoustically trapped and purified from whole blood
with high efficiency at rates up to 5 mL min™!. We functionalized the NACPs to form fNACPs
using a flexible conjugation approach that enables simple tuning of the fNACP specificity. We
also designed a handheld acoustic pipette that contains all necessary components to conduct the
fNACP-based assay, including wash buffer, a fluorescent secondary antibody, and a trapping
channel supporting a half-wavelength acoustic standing wave. Using the acoustic pipette in
combination with flow cytometry, we developed a serological assay to enumerate captured anti-
OVA in small volumes of whole blood by comparison with calibration curves. Importantly, since
we use fluorescent labels and not enzymatic labels, such as those as used in traditional ELISA, the
most comparable clinical technology for biomarker quantification, the calibration curves can be
prepared ahead of sample analysis when using particles from the same batch and fluorescent
antibodies from the same lot (i.e., with the same number of fluorophores per antibody). This results
in rapid analysis of single samples. Using this assay, we detected anti-OV A from whole blood with
an LOD of 0.06 nM, a sensitivity competitive with commercial ELISA kits. Beyond this, we
developed a portable, custom benchtop fluorimeter for analysis of samples processed in the
acoustic pipette. Using a modified fNACP-based assay, we rapidly detected anti-OVA at 100 nM.
By integrating the pipette and fluorimeter, thereby eliminating the need for flow cytometry, we
show the ability for the NACP-based, acoustics-enabled assay to be simplified for biomarker
detection in areas with limited resources. Such measurements may be especially useful in
situations where test results must be obtained in timeframes much shorter than that required for
shipment to and analysis by external laboratories.

This platform technology has the potential to dramatically shorten the time required to

isolate and detect biomarkers (i.e., requiring only 70 minutes with less user engagement than
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commercial ELISA methods of 4—6 hours). By integrating the system with a low-cost benchtop
fluorimeter, this technology could be of great use for POC testing where timely analysis of single
samples is necessary. Furthermore, it enables facile adaptation for detecting a range of antibodies,
antigens, toxins, nucleic acids, or other types of biomarkers through its simple and modular method
of functionalizing fNACPs. While the presented {NACP-based assay only allows for detection of
a single biomarker, by barcoding fNACPs displaying different biorecognition elements with varied
amounts of fluorophore, this technology could enable simple, rapid, fNACP-based multiplexing
to enhance diagnostic capabilities. Furthermore, while not currently suited for POC detection, with
the addition of an on-board power supply or modification of the signal transduction approach, the
integrated acoustic pipette and fluorimeter system holds potential to enable deployment of POC
diagnostic testing in remote areas, while maintaining — and potentially increasing — assay
sensitivity compared to mainstay detection techniques. The acoustic pipette and fNACPs can also
be of use independent of one another; the acoustic pipette could be a powerful tool for the simple
and rapid separation of a host of other particle or cell types in laboratories or elsewhere, while the
NACPs may help to expand the capabilities of other acoustofluidic systems that currently primarily

utilize PACPs for sensing, object manipulation, or other applications.

4.5 Materials and Methods
4.5.1 NACP production.

NACPs were produced by mixing Sylgard 184 base (Dow Chemical) with Sylgard 184
crosslinker (Dow Chemical) at a 10:1 ratio by weight to form PDMS precursor.
Triethoxyvinylsilane (TEOVS, Sigma-Aldrich) was added to the precursor at 0.1% v/w and the

modified precursor was mixed thoroughly. Then, a surfactant solution composed of 1% w/w
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Pluronic F108 (Sigma-Aldrich) in deionized water (DIW) was added to the precursor at a 10:1
ratio of surfactant solution to precursor. The mixture was homogenized using a T10 basic
homogenizer (IKA), producing an emulsion of PDMS precursor droplets in surfactant solution.
The mixture was cured for 2 hours at 80°C, yielding a polydisperse population of NACPs. To
isolate a population of particles between 20-30 um, these particles were then filtered through cell
strainers (PluriStrainer) while vortexing at speeds sufficient to agitate liquid in the cell strainer.
Specifically, the NACPs particles were first filtered with a 40 um filter while vortexing to agitate
the particles in the filter. Particles that passed through the filter were collected. The filter was
washed with the Pluronic F108 solution occasionally to remove trapped particles. This process
was then repeated with a 30 pum filter. The particles were then filtered with a 20 um filter. Particles
retained by the 20 um filter were washed into a tube and collected. The last step was repeated once

more to further reduce polydispersity.

4.5.2 NACP sizing.

Filtered NACPs were pipetted onto a glass slide. Images of the microparticles were
captured by a Zeiss AxioVert A1 TL/RL inverted fluorescence microscope equipped with a
Axiocam 305 mono camera (Zeiss, Germany). NACP sizes were determined by analyzing captured

images via Fiji/lmageJ software.

4.5.3 Functionalization of OVA-decorated fNACPs.
Low polydispersity NACPs were functionalized by conjugating the NACPs with a biotin-
PEG-silane (BPS) linker and subsequently incubating BPS-decorated NACPs with streptavidin

(SA). Typically, 5x10° base NACPs were washed thrice with 0.004% v/v Tween 20 (Sigma-
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Aldrich) in DIW and resuspended in 50 uL of a 30 mg mL™! solution of 2 kDa silane-PEG-biotin
(Laysan Bio) in phosphate buffered saline (PBS). Particles were allowed to incubate for 2 hours at
room temperature while mixing on a VorTemp 56 shaking incubator (Labnet) at ~600 rpm with
regular agitation by hand when particle settling was noted. NACPs were washed thrice with
0.004% v/v Tween 20 in PBS (Sigma-Aldrich). NACPs were resuspended in 100 pL of 1.7 mg
mL-! SA or Alexa Fluor 488-conjugated SA (FSA, Thermo) in PBS and incubated for 90 min at
room temperature while mixing. After incubation, NACPs were washed thrice with 0.004% v/v
Tween 20 in PBS (Sigma-Aldrich) and resuspended in 200 pL of 2.5 mg mL™! biotin-OVA
(Nanocs) in PBS. NACPs incubated for 90 min at room temperature while mixing. Finally, the
fully functionalized fNACPs were washed thrice in wash buffer composed of 1% w/v BSA
(Sigma-Aldrich) in PBS. After washing, the fNACPs were resuspended in wash buffer and stored
at ~4°C until use. All wash steps in this protocol and subsequent procedures involved centrifuging
the solution at 3,000xg for 3 min, aspirating the supernatant, and resuspending the pellet in the
same volume of fluid. All mixing and incubation steps described in this procedure and subsequent

procedures were performed in 1.5 mL low protein binding microcentrifuge tubes (Thermo).

4.5.4 Functionalization of control NACPs.

NACPs were functionalized with FSA as described earlier. Then, ~2.5x10° FSA-
conjugated particles were incubated in 100 uL of 13.3 mg mL! free biotin (VWR), representing
>12-fold molar excess to FSA, in PBS for 90 min while mixing at room temperature. Then, control
NACPs were washed thrice in wash buffer. After washing, fNACPs were resuspended in wash

buffer and stored at ~4°C until use.
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4.5.5 Evaluation of fNACP functionalization specificity.

For these studies, FSA in solution was pre-blocked with free biotin prior to incubating with
fNACPs to evaluate capture specificity. Blocked FSA was produced by adding a ~12.7-fold molar
excess of free biotin and incubating for 1 hour to yield a 1.7 mg mL! solution of biotin-blocked,
Alexa Fluor 488-conjugated SA. NACPs were incubated with or without BPS as described earlier
and subsequently incubated with FSA. MFT of particles i) without BPS or FSA, ii) without BPS
but with FSA, iii) with BPS and blocked FSA, and iv) with BPS and FSA were measured using a

BD FACSCelesta flow cytometer (BD).

4.5.6 Evaluation of fNACP functionalization durability.

NACPs were functionalized with FSA as described earlier and 5x10* particles were diluted
to 1 mL in wash buffer. Fluorescent NACPs were then trapped in a trapping channel in the dark at
a flow rate of 1 mL min! with an applied signal of 30 Vpp and 741 kHz. While NACPs were
trapped, an additional 1 mL of wash buffer was pulled through the channel to remove any unbound
FSA. After trapping, the acoustics were disengaged, NACPs were ejected from the channel, and
their fluorescence was analyzed by flow cytometry. NACPs from the same functionalization batch

that were not passed through the trapping channel were used as a control.

4.5.7 Standalone fNACP assay.

1x10*control NACPs and 1x10* capture fNACPs were resuspended in 100 puL wash buffer
spiked with rabbit anti-chicken OVA (Biorad) over the range of 10 — 10* nM anti-OVA. Particles
were incubated for 30 min at room temperature while mixing. After incubation, particles were

washed thrice in wash buffer and resuspended in a 10 ug mL™! solution of Alexa Fluor Plus 594-
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conjugated donkey anti-rabbit IgG (Thermo) in PBS. Particles were again incubated at room
temperature while shaking for 30 min. After incubation, we washed the particles and analyzed
median fluorescence intensity of the anti-IgG on single NACPs via flow cytometry. Control

NACPs were identified by FSA fluorescence.

4.5.8 Trapping channel fabrication and operation.

The trapping channel was fabricated by attaching a ~50 mm long, 1 mm x 1 mm inner
width and height square glass capillary (VitroCom) to a thickness mode piezoelectric transducer
with a resonance frequency of 750 kHz (STEMINC MD20T27F7508S, t = 2.7 mm, d = 20 mm)
using cyanoacrylate glue (Gorilla Glue Company). 24 AWG wires (Digikey), used as transducer
leads, were soldered to either side of the transducer. Silicone tubing (Freudenberg Medical) was
then attached to either end of the capillary and sealed with cyanoacrylate glue and Parafilm
(VWR). For experiments with the acoustic pipette, a barbed Luer adapter (Fisher Scientific) was
then attached to one side of the tubing. A rubber septum was cut to size from a 0.8 mm thick
silicone rubber sheet (Grainger) and inserted into the Luer adapter. A 3D printed needle guide was
then inserted into the adapter to compress the septum, forming a sealed injection port. The final
device was then placed into a 3D-printed trapping channel. The transducer leads were coupled
with leads from a waveform generator (33210A, Agilent) and amplifier (75A250AM2, Amplifier
Research) connected in series. The applied frequency and voltage were measured using an
oscilloscope (InfiniiVision, Keysight). Trapping channels were operated by applying a sinusoidal
wave at ~750 kHz and 30 V,, based on a series of optimization studies (see Supplementary

Materials for details).
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4.5.9 Evaluation of NACP trapping.

5x10* NACPs were resuspended in 100 pL blood (whole porcine blood with sodium-
heparin, Lampire Biological Laboratories). Lysed blood samples were produced by adding 100 pL
of 10x red blood cell lysis buffer (eBiosense RBC lysis buffer, Invitrogen) and 800 uL. wash buffer
in PBS. Unlysed blood samples were produced by adding 900 pL wash buffer. Two drops of
NucBlue Live Cell Stain (ThermoFisher) were added to each sample to stain WBCs for subsequent
analysis by flow cytometry. To prepare the trapping channel, 4 mL of DIW were passed through
the device to clean it and to remove air. Then a 3 mL syringe (BD) was attached to a GenieTouch
syringe pump (Kent Scientific). The leads of the trapping channel were attached to the waveform
generator and oscilloscope, and the channel was attached to the 3 mL syringe by silicone tubing.
Samples were mixed on a vortexer and then withdrawn through the device at a fixed flow rate (i.e.,
0.5-6.0 mL min') with the acoustics engaged. After the 1 mL sample had been withdrawn, 0.5
mL wash buffer was withdrawn at the same flow rate with acoustics on to wash the trapped
particles and remove any residual blood components. The syringe containing the 1.5 mL of waste
was removed, ejected into a 1.5 mL microcentrifuge tube, and replaced with a 1 mL syringe (BD)
containing 800 puL of wash buffer. The acoustics were deactivated, and the new wash buffer was
injected into the device at 2 mL/min, washing out trapped particles into an empty 1.5 mL
microcentrifuge tube. The device was rinsed with DIW or wash buffer between each sample.
Manual device operation experiments were performed identically, but the syringes were operated
by hand rather than a syringe pump. Operators targeted a flow rate of 3 mL min™! by ejecting a
known volume of fluid in a set amount of time while attempting to maintain a steady flow. For
experiments involving video or image captures during NACP trapping, the trapping channel was

placed on an inverted microscope stage with the transducer oriented along top of the channel.
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4.5.10 Flow cytometry for trapping evaluation.

All samples were analyzed for purity and retention using flow cytometry. The cytometer
was operated for 90 seconds per sample. Waste samples were analyzed at a flow rate of 60 pL min
!, and purified samples were analyzed at 12 uL min'!. Gating involved isolation of NACPs based
on forward and side scatter (see Supplementary Materials for details), while gating of WBCs

involved measurement of the fluorescence of the nuclear stain. NACP retention was defined as:

NACP retention = NACFs X 100% (4.3)
retention = NACP, + NACP, 0 '

where NACPs denotes the number of NACPs remaining in the purified sample and NACPy, denotes

the number of NACPs in the waste fraction. Sample purity was defined as:

WBC
WBC, + WBCy,

Sample purity = <1 — ) X 100% (4.4)

where WB(Cs denotes the number of WBCs found in the purified sample and WBCy, denotes the

number of WBCs found in the waste.

4.5.11 Acoustic pipette design and fabrication.

Most acoustic pipette components, including the main body and trapping tip, were designed
in AutoCAD Fusion 360 and 3D printed on a masked stereolithography 3D printer (SL1S, Prusa
Research) using Tough Black resin (Prusa Research). STL files of the main acoustic pipette
components are available and described in Supplementary Materials. Printed parts were washed in
isopropyl alcohol (ThermoFisher Scientific) and underwent post-print drying and curing within a

curing chamber (CW1S, Prusa Research) before device assembly. Parts were designed to be
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assembled through pressure fitting. Chambers in the main body consisted of a single 3 mL syringe
and two 1 mL syringes (BD), and 25 G needles (BD) were used to pierce the injection port of the
trapping tip. Pipette assembly schematics are available in Supplementary Materials (Fig. D.7 and

D.8).

4.5.12 Acoustic pipette-enabled assay.

The acoustic pipette was typically prepared by filling Chamber 1 with 100 puL of a 40 pg
mL-! solution of Alexa Fluor Plus 594-conjugated donkey anti-rabbit IgG, Chamber 2 with 400
uL wash buffer, and Chamber 3 with 1 mL wash buffer. Capture fNACPs and control NACPs were
resuspended in 100 pL of whole porcine blood with spiked anti-OVA spanning 10~ — 10° nM.
Samples incubated outside of the pipette in 1.5 mL microcentrifuge tubes for 30 min while mixing
at 1020 rpm on a VorTemp mixer. Samples were then diluted to 1 mL with wash buffer from
Chamber 3 of the pipette. Samples were then withdrawn from the sample tube with acoustics
engaged, trapping the particles in the channel, while the waste blood was pulled into Chamber 3
for containment. The particles were then further washed by pulling 500 pL fresh wash buffer
through the channel and into Chamber 3. The trapping tip was then switched to Chamber 1, the
acoustics were disengaged, and the particles were withdrawn into Chamber 1 to be labeled by the
fluorescent secondary antibody. Particles were then incubated for 30 min in Chamber 1. After
incubation, the particles were passed back into the trapping tip with acoustics engaged. Particles
were further washed by switching back to Chamber 3 and withdrawing 500 pL fresh wash buffer
past the trapped particles. Finally, the trapping tip was switched to Chamber 2, the acoustics were
disengaged, and the particles were ejected into sample tubes for analysis by flow cytometry. To

generate a concentration response curve, this procedure was repeated for each concentration of
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anti-OV A in spiked in whole blood. After each sample was processed, NACPs were removed from
the device and placed on a rotator during incubation for 36 min to allow time for the concurrent
processing of multiple samples. After all samples were processed, samples were inspected by flow

cytometry as described earlier.

4.5.13 Custom fluorimeter design, assembly, and use.

The custom fluorimeter consisted of the main fluorimeter housing, filtering optics,
photodetector, photodiode amplifier, LED driver, LED, data acquisition unit, and computer. The
main housing blocked external light and held the cuvette sample, aligning it to the incoming LED
light. A pipette docking cap sat on top of the housing and allowed the pipette to mate with the
fluorometer housing and inject a sample into the cuvette below. The main fluorimeter housing,
pipette docking cap, SP and LP filter holders, and photodiode holder were designed using
AutoCAD Fusion 360 and 3D printed in matte black PLA using a Bambu Labs P1S 3D printer.
STL files of the main housing and associated components are available and described in more
detail in the Supplementary Materials. A commercially available LED driver (Thorlabs) set to 700
mA drove a high-power 9.9 mW, 565 nm fiber-coupled LED. Emitted LED light traveled through
a 1 m long and 400 pm diameter multimode SMA-SMA fiber patch cable (Thorlabs) to a threaded
SMA to SM1 fiber adapter (Thorlabs) with a 20 mm focal length collimating lens, mounted in one
of the four 25.4 mm housing side ports. Light was filtered through a 600 nm SP filter (Thorlabs)
before entering the cuvette chamber. Collimated light striking the Alexa Fluor Plus 594
fluorophore on fNACPs inside the cuvette caused fluorescence emission with a peak at 617 nm.
Photons emitted 90 degrees relative to the incident light passed through a 590 nm LP filter with a

610 nm pass wavelength (Edmund Optics) before being received by a silicon photodiode with
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350-1100 nm sensitivity (Thorlabs). Photocurrent produced by the silicon photodiode was
measured by a benchtop photodiode amplifier (Thorlabs), producing a =10 V analog output with
a gain App of 10® + 5%. Notably, this photodiode amplifier can be replaced by a custom credit
card-sized electronics board to further enhance portability of the fluorimeter in future iterations.
Analog output was acquired with a portable USB oscilloscope (Digilent) and the waveform was
recorded on a laptop to a CSV file using Waveforms (Digilent) at a rate of 100 Hz. Resulting signal
characteristics and statistics were processed using Microsoft Excel. Additional details regarding
specific components, part numbers and function of the custom fluorimeter can be found in the

Supplementary Materials.

4.5.14 Custom fluorimeter-enabled assay.

1x10° capture INACPs functionalized with OV A were resuspended in 1000 uL. wash buffer
spiked with rabbit anti-chicken OVA (Biorad) over the range of 10! — 10° nM anti-OVA. Particles
were incubated for 30 min at room temperature while mixing. After incubation, particles were
washed thrice in wash buffer and resuspended in a 10 ug mL! solution of Alexa Fluor Plus 594-
conjugated donkey anti-rabbit IgG (Thermo) in PBS. Particles were again incubated at room
temperature while shaking for 30 min. After incubation, particles were washed, resuspended in
100 pL wash buffer, transferred to the fluorimeter cuvette, and finally analyzed using the custom
fluorimeter. Fluorescence measurements were taken immediately after transferring the fNACPs to

the cuvette to ensure particles were suspended during measurements.
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4.5.15 5PL Fitting.
Concentration response curves, shown in Figs. 4.5B and 4.7B, were fit with a five-
parameter logistic (5PL) curve to determine the LOD. To do so, we fit experimental data to the

standard 5PL equation, given by:

(1+))

where y is the fluorescence intensity, x is the anti-OVA concentration, ¢ is the mid-range

y=b+ (4.5)

concentration, d is the slope factor, a and b are the fluorescence intensities at the minimum and
maximum anti-OVA concentrations, respectively, and g is the asymmetry factor. MATLAB was
used for all fitting. LOD was determined by identifying the concentration at which the response
was 3 standard deviations above the background response (i.e., NACPs without any fluorescent
labels), as predicted by the curve fit. To confirm the fits were acceptable, we calculated percent
relative error of experimentally measured values relative to those predicted by the fits and ensured
that average relative error at each concentration fell below 25%. This data, along with fitted
parameters for both standard curves shown in Figs. 4.5B and 4.7B, can be found in Fig. D.10 and

Table D.1 of the Supplementary Materials.

4.5.16 Statistical analysis.
Statistical analyses were performed using Microsoft Excel. Differences between groups
were compared by one-tailed Student’s t-tests, and P <0.05 was considered significant in the

analyses. All quantitative data is expressed as the mean + standard deviation.
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Chapter 5: Siphon-based multichannel acoustic separator and biospecific, acoustic-

responsive microparticles for high-throughput, tunable biomolecule detection

The contents of Chapter 5 will be submitted as a manuscript in Fall of 2024. Coauthors on this

manuscript will include Creighton T. Tisdale and Dr. C. Wyatt Shields IV.

5.1 Abstract

Quantitative detection of biomolecules is essential in personal healthcare, public health
surveillance, and environmental monitoring. However, purification of biomolecules from complex
fluids can be challenging and often necessitates extensive sample pretreatment and involved
workflows. Here, we present a multichannel acoustic separator and complementary biospecific,
acoustic-responsive particles to simplify workflows and shorten the time needed to isolate and
detect biomarkers from complex fluids. The multichannel acoustic separator is predominantly 3D
printed and supports 12 acoustofluidic trapping channels that rapidly and effectively trap and
isolate the biospecific particles from off-target contaminants in the fluid. Fluid flow through the
channels is mediated by a semi-continuous siphon, which eliminates the need for fluid pumps and
enhances the accessibility of the technology. Using this system, we show the sensitive detection
of three disparate biomolecules in individual and multiplexed formats, as well as the detection of

IgA from whole blood in approximately 70 minutes.
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Figure 5.1. Graphical abstract. Overview of siphon-controlled flow and acoustic trapping within
the multichannel acoustic separator.

5.2 Introduction
Quantitative detection of biomolecules is essential for a myriad of laboratory-based

1817183 wastewater analysis for public health

techniques including clinical diagnosis,
surveillance,'*1%°  environmental monitoring,'**!%7 and more. However, purification of target
biomolecules can be challenging, especially when isolating molecules from complex samples like
whole blood or other fluids that are crowded with off-target molecules, cells, or contaminants that
can interfere with the specific isolation and detection of target molecules. Because of this, many
biomolecule detection approaches require extensive sample preprocessing.!8® Moreover, many of
the mainstay approaches for quantitative biomolecule detection, such as ELISA, involve
substantial user engagement, long processing times, and complex workflows.?!%% A number of

technologies have been developed to simplify molecule isolation workflows. For example,

magnetic bead-based separation is often employed to capture and isolate molecules and cells from
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complex samples.”!"”> However, this approach can involve long separation times (i.e., multiple
minutes before wash steps), is not easily scalable, and is prone to particle loss during particle wash
steps, ultimately resulting in the loss of target molecules.”~"

In recent years, numerous acoustofluidic systems, which utilize ultrasound waves to

manipulate particles and molecules in small fluid samples, have emerged as a promising

technology for the isolation of a host of target molecules and objects.!”®!°! Such systems have

170,192 193,194

been demonstrated to be effective for the isolation of circulating tumor cells, proteins,
and the and exosomes, !> among other targets. Notably, acoustofluidic separation has been shown
to be sufficiently gentle for the handling of fragile samples, such as cells, proteins, and extracellular
vesicles. However, the majority of the acoustofluidic separation systems demonstrated to date
cannot achieve separation at high flowrates and are thus unable to process samples at speeds
necessary for widespread adaptation. Moreover, the vast majority of acoustofluidic separation
approaches require the use of automated pumps for fluid actuation, which increases the barrier to
implementation of such systems in laboratory settings. In our previous work, we developed a
pump-free, handheld acoustic pipette for the rapid isolation and detection of biomolecules in under
70 minutes.!”® The acoustic pipette was designed for toward-point-of-care use and was only
capable of processing one sample at a time, which limits its practicality in laboratory workflows
that require high-throughput sample processing.

Here, we present a siphon-driven multichannel acoustic separator and a class of biospecific,
acoustic-responsive particles for the simple, rapid, and high-throughput purification and detection
of biomolecules in laboratory settings. The siphon-driven multichannel acoustic separator consists

of 12 acoustic trapping channels for the concurrent processing of 12 samples within minutes. All

fluid actuation through the 12 channels is mediated by a simple siphon, eliminating the need for
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automated pumps or manual fluid manipulation. Each of the 12 channels supports a half-
wavelength bulk acoustic standing wave which yields pressure nodes at the center of each channel
and antinodes along the walls of each channel. The particles, termed functional negative acoustic
contrast particles (fNACPs), are designed to specifically capture biomolecule targets from
complex fluid samples, like whole blood. After capture of biomarkers, the fNACP samples are
passed through the trapping channels of the device. Due to their negative acoustic contrast, the
fNACPs are trapped strongly along the walls of the channel whereas other objects, such as red and
white blood cells, are focused to the center of the channels and leave the channels as waste. The
separation of NACPs by acoustic trapping occurs in seconds, and washing the particles requires
only 1-3 minutes, depending on the fluid type. After washing the trapped fNACPs, the acoustics
can be disengaged to collect the purified fNACPs in a 96-well plate (Fig. 5.2A, 5.2B). The
biomolecules on the surfaces of fNACPs are then fluorescently labeled for downstream
biomolecule quantification by fluorescence measurement.

We demonstrate use of the acoustic separator for the rapid and efficient purification of
fNACPs from water and whole blood samples (Fig. 5.2C, 5.2D). We additionally show the
simultaneous (i.e., multiplexed) isolation and detection of three biomolecules (i.e., anti-ovalbumin
immunoglobulin G (IgG), immunoglobulin A (IgA), and immunoglobulin M (IgM)) by
fluorescently barcoded fNACPs and show rapid isolation and detection (i.e., in < 70 min) of IgA
from whole blood using the multichannel acoustic separator (Fig. 5.2E). While we demonstrate
serological protein biomolecule detection here, the fNACPs and multichannel separator are not
limited to this application; by modifying fNACP chemistry, the system could be beneficial for the
rapid isolation and detection of a myriad of molecules or objects from various fluid samples for a

wide range of applications (e.g., cell isolation, wastewater analysis, immunoprecipitation and
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elution, or sample cleanup by negative selection). By eliminating the need for fluid pumps and
enabling the rapid and simultaneous separation of 12 samples, the multichannel acoustic separator
represents one of the fastest, simplest, and most accessible implementations of acoustofluidic

separation technologies to date.
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Figure 5.2. Multichannel separator and fNACP-based assay overview. A) Schematic
representation of fNACPs being trapped along the walls of a channel at the antinodes of a standing
wave for purification from blood samples. B) Schematic overview of the multichannel acoustic
separator and the purification of fNACPs from whole blood in a 96-well plate format. C)
Brightfield microscopy image of fNACPs mixed with whole blood prior to purification using the
multichannel acoustic separator. D) Brightfield microscopy image of fNACPs after purification
from whole blood using the multichannel acoustic separator. E) Schematic representation of the
workflow for fNACP-based biomarker detection.
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5.3 Results

5.3.1 The multichannel acoustic separator is 3D printed and holds a trapping channel array

To develop a multichannel acoustic separator that is easily integrated into existing
laboratory workflows, we designed the device to interface with 96-well plates and 12-channel
multichannel pipettes for the simultaneous processing of 12 samples. The separator consists of 5
main printed parts: the upper siphon chamber array, a trapping channel array holder, a left and
right side, and an electrical port cover (Fig. 5.3A, 5.3B, E.1). The trapping array consists of 12 1x1
mm inner width and height glass capillaries that are approximately 25 mm in length, all affixed to
a piezoelectric transducer possessing a resonance frequency of ~750 kHz. Two 3D printed
transducer clips keep the transducer in position during use. Each capillary is connected to one
chamber of the upper siphon chamber by compressible silicone tubing. Electrical leads for
transducer operation are routed through the device to the electrical ports, which interface with
common banana plugs.

When liquid samples are present in the channels of the separator, actuation of the
piezoelectric transducer by application of a ~750 kHz alternating current sine wave results in
establishment of half-wavelength standing acoustic waves within each channel. Because of this,
acoustic radiation forces are exerted on objects smaller than the acoustic wavelength within each
channel. The axial component of the primary acoustic radiation force (i.e., acting perpendicularly
to the length of the channel) pushes objects toward either the node of the standing wave, located
along the centerline of the channel, or the antinodes of the standing wave, located at the walls of
the channel (Fig. 5.2A). The direction of this force is dependent on the acoustic contrast factor of
the objects or particles, which can be positive or negative and describes the density and

compressibility of the objects relative to that of the liquid in which they are suspended. Positive
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acoustic contrast particles (PACPs) are forced to the nodes of the standing wave, whereas negative
acoustic contrast particles (NACPs) are forced to the antinodes. Most cells and polymeric particles,
including red and white blood cells, exhibit positive acoustic contrast when suspended in water or
blood.!%!7 Here, to enable rapid separation from whole blood samples, we designed the fNACPs
to have strong negative acoustic contrast. Importantly, the standing waves also exert primary
acoustic radiation forces in the lateral direction (i.e., parallel to the length of the channel), as well
as secondary acoustic radiation forces, which are attractive between particles at close distances.
Because the fNACPs are forced to the channel walls where flow rate is low, relative to the center
of the channel, and because of the secondary and lateral primary acoustic radiation forces, fNACPs
can be strongly trapped against the channel walls at high flow rates while blood components are
washed from the channels.!>>1%%1%8 Such trapping of NACPs results in the ability to conduct
acoustofluidic separation and purification at flow rates much higher than that traditionally

achieved by systems that utilize only PACPs.!60-162

5.3.2 Fluid actuation in the device is driven by siphon, allowing for repeated sample washing
To eliminate the need for pumps for actuation of fluid through the 12 trapping channels,
we designed the multichannel acoustic separator such that fluid flow through each channel is
driven by a siphon. To do so, we created an upper siphon chamber array that has 12 3D printed
chambers that can accommodate ~1200 pL of liquid. The silicone tubing attached to the top of
each capillary extends up and over the lip of the siphon array and down into the bottom of a singular
siphon chamber where it is locked in place by pressure fitting (Fig. 5.3C). To prime the siphon for
each channel, approximately 600 pL of liquid, typically wash buffer composed of 0.05% Tween20

in phosphate buffered saline (PBS), is added to the siphon chamber. The silicone tubing is
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depressed by manual manipulation, drawing fluid from the chamber over the highest point of the
tubing and down into the glass capillary. The fluid then drains by a siphon effect, and draining
fluid exits from the tip of the capillary in discrete droplets. The droplet formation at the end of the
capillary is driven primarily by hydrostatic pressure generated by liquid in the upper siphon
chamber, and droplet breakoff occurs when the magnitude of the force of gravity on the droplet
exceeds that of the surface tension forces holding the droplet to the capillary.!¥%-20

In general, ideal large-scale siphons with a non-submerged outlet at a height below the inlet
will drain fluid in the upper chamber until it reaches the height of the inlet, resulting in introduction
of air to the siphon tubing and inability to restart the siphon without repriming.2°! However, the
miniaturization of this siphon allows for the siphon stopping point to occur above the inlet before
complete draining of the chamber. Because the liquid in each channel exits the channels as discrete
droplets, the pressure driving the fluid flow must overcome the Laplace pressure associated with
droplet formation at the liquid-air interface, which is proportional to the surface tension of the
liquid.2%2-2% By carefully tuning the height of the channel outlet relative to the channel inlet (AH
in Fig. 5.3C), the Laplace pressure can be balanced with the hydrostatic pressure in the upper
siphon chamber to arrest fluid flow before the height of the fluid in the upper siphon chamber
reaches that of the inlet. This effect is similar to that utilized in capillary pressure control valves
that utilize Laplace pressure to mediate flow in microfluidic devices.?*® To minimize the volume
of fluid retained at the siphon stopping point, which is essential for effective washing and fluid
exchange, we designed the upper siphon chambers to taper toward the tubing inlet at the bottom
of the chamber. Upon addition of fluid to the upper chamber, typically 300 pL of wash buffer or
diluted blood, the siphon effect is recovered, and the fluid again drains until reaching the liquid

equilibrium height. An exact description of the fundamental physics governing the siphon
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operation, which may involve frictional losses in the channels, differential capillary forces in
varied sections of the channels, inertial effects, and perturbations of forming droplets by the
piezoelectric transducer, is reserved for future work.!?-2%-207 However, to confirm that the Laplace
pressure at the outlet is the primary mechanism responsible for arresting the siphon function prior
to complete draining, we tuned the AH of the separator such that the siphon stopping point was
above the inlet when water was added to the upper siphon chambers and confirmed through
repeated addition of 300 pL of water that the siphon repeatably stopped prior to full draining. We
then submerged the end of the capillary in water to remove the liquid-air interface and, as a result,
the Laplace pressure associated with droplet formation. We experimentally confirmed that the
removal of this interface both after and prior to siphoning from the upper chambers resulted in full
draining of the upper chamber and introduction of air to the channel.

Because the siphon effect in this device is semi-continuous (i.e., does not require more than
one priming step), washing samples or transferring them to new fluids is extremely simple (Fig.
5.3D). For example, after priming a channel, an initial sample of fNACPs in whole blood can be
added to the upper siphon chamber. As the sample is drawn through the channel via siphon,
fNACPs are trapped over the trapping array. Upon cessation of flow at the siphon stopping point,
wash buffer or other fluids can be added to the upper siphon chamber to wash away blood
components into a waste container positioned below the device. This process can be repeated until
the fNACP samples are sufficiently clean. The acoustics can then be disengaged, and fluid can
again be added to the upper siphon chamber to release the fNACPs, which are collected in a 96-
well plate positioned on the device. While this trapping and fluid transfer process was used to wash
fNACPs in this work, it could also be used to transfer particles into labelling solutions, to

functionalize particles in protocols similar to layer-by-layer coating, or to accomplish other tasks.
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Figure 5.3. Overview of the multichannel acoustic separator design and use. A) Image and
details of the assembled multichannel acoustic separator. B) Rendered images and details of the
multichannel acoustic separator. C) Schematic representation of the upper siphon chamber upon
addition of sample and after draining. D) Schematic representation of the fNACP purification
process within a glass capillary mounted on the trapping channel array.
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5.3.3 Siphon-based flow enables washing of blood from channels

To assess the ability to wash blood, which is replete with red blood cells, white blood cells,
platelets, and other components, from the siphon chambers and channels of the acoustic separator,
we adjusted AH such that the equilibrium liquid level was minimized (i.e., below the sloped section
of the chamber but above the channel inlet) when blood was present in the device and then primed
the channels with wash buffer. We then added 300 pL of 3X diluted porcine blood to the upper
siphon chambers and allowed all channels to reach equilibrium (Fig. 5.4A). We then washed the
channels by repeated addition of wash buffer to the siphon chambers and collected the fluid leaving
the channel outlet. We diluted the collected samples by 13.3X in order to measure absorbance of
the samples at 542 nm, an absorbance peak characteristic of whole blood (Fig. 5.4B, E.2). Because
the samples collected from the first wash were primarily whole blood, absorbance by the samples
was substantial and measurement of absorbance was not possible. However, we found that after 4
washes, the fluid remaining in the channels of the separator was sufficiently devoid of blood
components. The absorbance of the collected was only 3.2 + 0.3% of that collected after the second
wash, whereas buffer alone had an absorbance that was 2.1 + 0.3% of that collected after the second
wash. Therefore, in remaining studies that required isolation of fNACPs from whole blood, the
channel was washed 4X before collecting fNACPs. We repeated this general process for the
washing of water-based samples and found that 2 washes were sufficient to clear the channels (Fig.

E.3).

5.3.4 Siphon-based flow allows for processing of disparate fluid types
The fNACP assay involves flow of both blood and buffer through the device channels.

Blood and buffer differ in their surface tensions, viscosities, and other fluid characteristics, which
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ultimately results in different behavior when actuated by the siphon.2%®2%° To explore these
differences and to confirm the ability to process the disparate fluid types in the separator, the AH
was manually adjusted until the fluid equilibrium height in all siphon chambers was minimized for
water, buffer, and blood. Because the surface tension of water is greater than that of blood (i.e.,
~71 mN m! for water versus ~51 mN m!for blood), the Laplace pressure at the outlet is more
substantial for water samples, resulting in minimization of the fluid equilibrium height at larger
AH values (~14 mm for water and buffer versus ~11 mm for blood). We captured videos of all
three fluids draining by siphon after the addition of 300 puL of each fluid to the upper siphon
chambers with the acoustics engaged. The chambers were considered fully drained when dripping
of fluid in all channels had ceased for at least 10 s. Upon analysis of the videos, we plotted average
volume drained from each channel over time (Fig. 5.4C). It should be noted that the flow is not
continuous but rather pulsatile in nature, with the periods between droplets increasing as the fluid
level in the upper chamber, and therefore hydrostatic pressure, drops. We found that water was
drained by the siphons (t = ~17 s) more quickly than buffer (t = ~26 s) and blood (t = ~79 s).

One concern in acoustofluidic systems is that high flow rates may result in inability to trap
NACPs, which would ultimately lead to loss of captured biomolecules in this system. Previously,
we showed that in a similar system, NACPs of comparable size were trapped and retained at high
percentages up to approximately 5 mL min!.!” The maximum flow rates in the multichannel
acoustic separator presented in this work were estimated by finding the slope of linearly fits to the
first 10 s of the recorded volume per time plots for water, buffer, and blood. The maximum
estimated flow rate was found to be 1.6 mL min!' for water, and we speculated that these flow

rates would be low enough to allow effective trapping of NACPs in the device.
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5.3.5 Production of NACPs yields low-polydispersity particles

To produce non-functionalized NACPs, we followed a previously described protocol to
produce low-polydispersity NACPs.!” In short, NACPs were produced by homogenization of
polydimethylsiloxane (PDMS) precursor with 0.1% v/w triethoxyvinylsilane (TEOVS) submerged
in water with 1% Pluronic F108 surfactant. After curing the homogenized precursor droplets, we
filtered the mixture to isolate a low-polydispersity fraction of NACPs. The resultant NACP

population had a mean diameter of 23.0 um and a coefficient of variance of 11.8%.

5.3.6 NACP trapping within the multichannel acoustic separator is efficient and rapid

To evaluate trapping of NACPs withing the separator, we first mixed NACPs coated with
fluorescent protein in wash buffer at ~1.7x10° particles mL™!. To this mixture, we added ~5 pL of
a 5 wt% solution of 5.1 um fluorescent polystyrene (PS) particles as a PACP model. We passed
the particle solution through a trapping channel situated on a fluorescent microscope at 1 mL min
! via syringe pump. Upon engaging the acoustics, the NACPs trapped rapidly against the walls of
the channel while the PS PACPs continued through the middle of the channel without being
trapped (Fig. 5.4D).

To more rigorously evaluate the trapping of the NACPs, we evaluated the trapping
efficiency of NACPs from both water and blood (Fig. 5.4E, 5.4F). In biomolecule detection
experiments, fNACPs are collected in a single step upon the addition of 300 puL of wash buffer
after acoustics are disengaged. To assess what percent of the total NACPs are collected during this
step and determine what percent is lost during the wash steps, we added 5x10* NACPs to 300 uL
samples of water and blood. We used the multichannel acoustic separator to trap the NACPs, wash

the NACPs, and collect the NACPs. For samples in water, we washed twice; for samples in blood,
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we washed four times. After NACP collection, we also washed the channels twice to flush any
residual NACPs from the channels. We collected the fluid leaving the channels during each step
(i.e., the initial addition of sample, the individual washes, the collection, and the residual washes).
We enumerated the NACPs via flow cytometry and found that the effective NACP recovery was
over 90% for purification from both water and blood samples. We further determined steps at
which particle loss was occurring and found that the most substantial, though minor, loss occurred
during the initial addition of sample (Fig. 5.4G). We speculated that this loss was due in part to
the absence of already trapped NACPs in the trapping channels as the first NACPs in the sample
passed through the channel. Because these initial particles would not be attracted to already trapped
particles by secondary acoustic radiation forces, they are more prone to passing through the device
without being trapped. This loss could be mitigated by used of trapping channels pre-seeded with
NACPs along the channel walls, though implementation of this trapping channel feature is left to
future work. Some loss also occurred during the collection step, as evidenced by the presence of
some NACPs in the residual samples. This minor loss of particles could be avoided by future
redesign of the acoustic separator to achieve higher flowrates during the collection step. Upon
analysis of samples prior to and after purification via microscopy, we found that the purification
method was successful in removing the vast majority of contaminants (i.e., red and white blood

cells) from samples (Fig. 5.4H), which agrees with findings in previous work.!%
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Figure 5.4. Characterization and performance of washing and trapping in the multichannel
acoustic separator. A) Images of the multichannel acoustic separator at various stages of
processing a blood sample. B) Absorbance of drained samples upon consecutive washes with
buffer after an initial addition of whole blood to the multichannel acoustic separator. N=12, error
bars indicate s.d. C) Estimated flow rate and volume per channel over time after the addition of
water, buffer, and blood samples to the multichannel acoustic separator. Flow rate was estimated
by linear fits of the first 5 s of each plot. D) Fluorescence microscopy images of fluorescent
fNACPs and PS particles before and after engaging acoustics under an applied flow of 1 mL min
1. E) Effective recovery of fNACPs from water in each of the 12 channels of the separator. All
channels were washed twice. N=3, error bars indicate s.d. F) Effective recovery of fNACPs from
blood in each of the 12 channels of the separator. All channels were washed four times. N=3, error
bars indicate s.d. G) Mean NACP fraction recovered during the initial addition of sample, first and
second washes, collection of INACPs, and first and second residual washes. N = 12, error bars
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indicate s.d. H) Brightfield microscopy images of fNACPs before and after purification from
whole blood using the multichannel acoustic separator.

5.3.7 fNACP functionalization enables versatile biomarker specificity

The detection and enumeration of multiple antibodies and antibody isotypes in a clinical
setting can be especially informative in assessing the state of, and immunological response to,
infectious diseases in patients.?! Multiplexed assays, which simultaneously detect multiple
biomarkers in a single assay, can significantly enhance diagnostic confidence in such situations.
However, conventional detection assays, such as ELISA, are generally not suitable for rapid
multiplexed detection. Here, in addition to demonstrating isolation of a target biomarker from
whole blood samples using the multichannel acoustic separator, we additionally aimed to create
fNACPs with varied specificities to demonstrate the ability to create a multiplexed fNACP assay
that can be easily analyzed by common laboratory-based fluorescence detection methods (i.e., flow
cytometry).

To produce fNACPs we incubated NACPs with biotin-polyethylene glycol (PEG)-silane
(BPS), followed by streptavidin (SA), followed by varied biotinylated biorecognition elements
(BREs). The PEG chains of the BPS provide antifouling properties and additionally allow greater
flexibility of the BRE to enhance biomolecule capture, relative to BREs immobilized on a solid
surface.!?197 As SA contains 4 biotin-binding sites, its use during the functionalization allows
facile tuning of fNACP specificity by attachment of assorted biotinylated BREs (Fig. 5.5A).!% In
this study, we functionalized fNACPs for the capture of three distinct biomolecules: anti-OVA
IgG, IgM, IgA. To enable detection of anti-OVA, IgM, and IgA, we functionalized fNACPs with
OVA, anti-IgM, and anti-IgA BREs, respectively. To label and detect captured biomarkers by flow

cytometry, we utilized red fluorescent anti-IgG, anti-IgM, and anti-IgA secondary labels (Fig.
118



5.5B). The target biomolecules in this work were selected to serve as diverse model biomarkers
and vary in species type (i.e., mouse and rabbit), structure (i.e., monomeric anti-OVA, pentameric
IgM, dimeric IgA) and size (i.e., ~150 kDa for anti-OVA, ~900 kDa for IgM, and ~500 kDa for
IgA).2!! We additionally created control NACPs that can be included in each fNACP assay to
reveal assay errors, such as increased fNACP fluorescence arising from nonspecific adsorption of
biomolecules onto fNACPs. Instead of being modified with biotinylated BREs, the control NACPs
are instead modified with biotinylated bovine serum albumin (BSA), which is a commonly utilized
blocking protein. As specific binding of target biomolecules or secondary labels to BSA is not
anticipated, the use of control NACPs alongside fNACP assays allows users to easily identify
assay inaccuracies during fluorescence analysis. If control NACPs exhibit red fluorescence on the
order of that recorded for fNACPs, the assay would be considered invalid and would require
retesting.

Finally, to easily distinguish the control NACPs and three fNACP types, we functionalized
the different groups with varied ratios of blue fluorescent SA to nonfluorescent SA during the SA
incubation step. This yields particle groups that are fluorescently barcoded for simple distinction
using flow cytometry. By gating the particles based on fluorescence and a size parameter (e.g.
forward side scatter), each of the four NACP types can be easily distinguished and individually

assessed for secondary label fluorescence (Fig. 5.5C).

5.3.8 fNACP assays enable sensitive biomolecule detection over a large dynamic range
To evaluate the performance of the three fNACP assays, we mixed 10* anti-OVA-, IgM-,
or IgA-specific fNACPs and 10* control NACPs with 100 uL of PBS spiked with anti-OVA, IgM,

or IgA, respectively, over multiple orders of magnitude (i.e., yielding sub-picomolar to micromolar
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biomolecule concentrations). After a 30-minute incubation in a 96-well plate, we washed the
particles and resuspended them in their respective labelling solutions, all at 10 pg mL"!. After an
additional 30-minute incubation, we again washed the particles and then analyzed particle
fluorescence via flow cytometry. For all three assays, the generated standard curves exhibited an
expected logarithmic increase in fluorescence as biomolecule concentration increased (Fig. 5.5D,
5.5E, and 5.5F). While the control NACPs displayed some elevation in fluorescence as
biomolecule concentration increased, their fluorescence intensities were multiple orders of
magnitude below that of the fNACPs, indicating acceptable assay function. This minor increase in
fluorescence of the control particles could be mitigated by future optimization of the particle
antifouling layer. To determine assay sensitivity, we fit the standard curves with 5 parameter
logistic (SPL) curves and determined the sensitivity by calculation of the limit-of-detection (LOD),
defined as the biomolecule concentration that yields fNACP fluorescence intensities 3 standard
deviations above that of the background, based on the fit curves. The LOD of the anti-OVA, IgM,
and IgA assays were 0.02 nM, 3.0 pM, and ~0.25 pM, respectively. These sensitivities are
competitive with and on the same order as that of commercial ELISA assays, a finding that
highlights the potential for implementation of the fNACPs assays in laboratory workflows.2!2-214
In the case of IgA detection, the sensitivity was found to in fact be an order of magnitude lower
than that of the commercial ELISA kit. Through these results, we additionally demonstrated the
ability to capture a range of biomarker types through simple modifications to the fNACP
functionalization. By tuning the specificity of the fNACPs, the assay could be adapted for the
detection and evaluation of a range of clinically relevant biomarkers, rather than the model

biomarkers evaluated here.
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Figure 5.5. Details for and performance of the fNACP-based assay. A) Schematic
representation of the functionalization approach employed to produce biomarker-specific fNACPs.
B) Schematic representation of the BREs, biomarkers, and labels used to produce the three fNACP
types in this study. C) Exemplary flow cytometry gating for the identification of fSA-barcoded
fNACPs. D-F) fNACP assay calibration curves for the detection of anti-OVA, IgM, and IgA,
respectively. N=3, error bars indicate s.d.

5.3.9 Barcoded fNACPs enable multiplexed biomarker detection

To evaluate the ability to multiplex the fNACP assays to achieve simultaneous detection
of anti-OVA, IgM, and IgA, we mixed 10* of each fNACP type with 10* control NACPs and
incubated all four particle types with PBS spiked with all possible combinations of 0 or 10 nM
anti-OVA, 0 or 0.2 nM IgM, and 0 or 3.2 nM IgA. Notably, the control NACPs in this experiment
were functionalized with fluorescent green SA to enable simpler visualization during later
fluorescence analyses. We selected these concentrations as they fell within the middle of the
detectible concentrations as discovered during individual standard curve experiments. We

followed the same general steps of the individual assay experiments, including incubating the
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particles for 30 min for biomolecule capture, washing the particles, and incubating once more in
labelling solution. Here, the labelling solution consisted of 10 ug mL! of each of the secondary
labels (i.e., fluorescent anti-IgG, anti-IgM, and anti-IgA). Upon fluorescence analysis, we found
that none of the particle types exhibited increased fluorescence when no biomolecules were
present, but all exhibited an expected increased fluorescence when all biomolecules were present
(Fig. 5.6A). In all cases, the different fNACPs types only displayed increased fluorescence when
the corresponding biomolecule was present in the sample, indicating the capture and detection of
the biomolecules was specific and that the assay components do not non-specifically interact at
levels that would impact simultaneous biomarker detection (Fig. 5.6B). We analyzed the samples
by fluorescence microscopy and confirmed that, for the samples with all biomarkers present, the
control particles did not exhibit red fluorescence from the secondary labels but that each of the
three fNACPs types did (Fig. 5.6C). These experiments confirm the ability to create multiplexed
fNACP-based assays, which could substantially decrease assay timescales in a myriad of

laboratory-based biomolecule detection protocols.

5.3.10 The multichannel acoustic separator enables simplified detection from complex biofluids

Finally, to evaluate integration of the fNACP assay with the multichannel acoustic
separator for detection of biomolecules from complex fluids, we conducted a model assay for the
detection of IgA from whole blood. To do so, we incubated 10* IgA-specific fNACPs and 10*
control NACPs with 100 pL of porcine blood spiked with IgA over the range of 0—32 nM in a 96-
well plate. After a 30-minute incubation, we used the multichannel acoustic separator to trap and
purify the fNACPs and control NACPs. We then incubated the particles in a labeling solution for

30 minutes, washed the particles, and analyzed particle fluorescence. The entire assay required
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only approximately 70 minutes, and most of this time was consumed by the two 30-minute
incubation steps. In the future, these incubations could be shortened through optimization of the
protocol or use of higher affinity BREs and labels (Fig. 5.6D). We found that the IgA detection
assay performed similarly to that conducted in buffer, and the LOD of the assay was found to be
~1.6 pM (Fig. 5.6E). While this LOD is an order of magnitude greater than that calculated for
detection of IgA from buffer, this modest increase in LOD is reasonable for detection from
complex fluids and is still competitive with commercially available ELISA kits.?!* These results
demonstrate the ability of both the fNACP assay and the multichannel acoustic separator to be
utilized for the detection of rare or low-concentration biomolecules from complex samples

containing large amounts of off-target molecules and particulate.
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Figure 5.6. Multiplexed detection of anti-OVA, IgM, and IgA and detection of IgA from
whole blood. A) Exemplary fluorescence distributions of fNACPs incubated without or with all
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biomarkers present. B) Heat-map representation of particle fluorescence for all 8 evaluated
multiplexing conditions. C) Individual and combined fluorescnce microscopy images of fNACPs
after assaying a sample containing anti-OVA, IgM, and IgA. D) Schematic representation of the
workflow utilized to process a whole blood-based fNACP assay using the multichannel acoustic
separator. E) fNACP assay calibration curve for the detection of IgA from whole blood. N=3, error
bars indicate s.d.

5.4 Discussion

In this work, we have presented a multichannel acoustic separator for the rapid, simplified,
and high-throughput purification and detection of biomolecules from complex samples using
fNACPs. The multichannel acoustic separator is capable of strongly trapping fNACPs via acoustic
radiation forces within 12 parallel trapping channels. Flow through each of the channels is
mediated by a semi-continuous siphon that eliminates the need for external pumps or manual fluid
actuation, substantially simplifying workflows and increasing the accessibility of the technology.

We additionally demonstrated the ability to tune fNACP functionalization for the sensitive
and specific capture and detection of a range of biomarkers through the detection of anti-OVA,
IgM, and IgA. We further exhibited the capability of multiplexing the fNACP assay for the
simultaneous detection of multiple biomarkers. Finally, we showed the use of IgA-specific
fNACPs and the multichannel acoustic separator to enable high-throughput detection of
biomolecules from fluids replete in off-target molecules and cells.

The presented multichannel acoustic separator is the first demonstrated acoustofluidic
device that utilizes siphon-based flow and is therefore one of the simplest implementations of
acoustofluidic technology to date. The device is designed to be easily integrated into existing
detection workflows and interfaces with common laboratory supplies and equipment (i.e., 96-well
plates, multichannel pipettes). By the future integration of a power source to drive the piezoelectric

transducer of the trapping array, the device could be made to be completely portable for field-
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based purification of biomolecules. Furthermore, by tuning and expanding on the fNACP
functionalization, the system could be used for a myriad of purposes, including capture and
purification of cells, small molecules, or other targets of interest. The barcoding approach could
additionally be expanded upon to create multiplexed assays for greater numbers of targets in a
single assay. Further tuning of the multichannel acoustic separator design could also enable a
wider range of achievable flow rates, reductions in purification times, or separations by multiple
field types (e.g., through the addition of a magnetic separator attachment). Overall, this 3D-
printable device forms the foundation for widespread development and implementation of

simplified, high-throughput acoustofluidic separators for laboratory-based workflows.

5.5 Experimental Procedures

5.5.1 Multichannel acoustic separator body design and fabrication

The multichannel acoustic separator was designed in Autodesk Fusion and 3D printed on
a masked stereolithography 3D printer (SL1S, Prusa Research) using Fast Mecha White resin
(Siraya Tech). Printed device parts include the upper siphon chamber, left side, right side, trapping
array, electrical port cover, and two transducer clips (more details may be found in the
Supplementary Materials). Printed parts were washed in ethanol (VWR), dried, and subsequently
cured for 1 minute using a curing chamber (CWIS, Prusa Research) before device assembly.
Imperfections in the printed parts, such as lipped edges originating from placement of parts on the

print platform, were removed with sandpaper (Norton Abrasives).
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5.5.2 Trapping array fabrication

To assemble the trapping array, ~65 mm sections of 1.02 ID x 2.16 OD silicone tubing
(Freudenberg Medical) were attached to one end of 12, ~25 mm long, 1 mm x 1 mm inner width
and height square glass capillaries (VitroCom) and the junctions were sealed with cyanoacrylate
glue (Gorilla Glue Company) and Parafilm (VWR). The capillaries were then glued to a custom
thickness mode piezoelectric transducer with a resonance frequency of 750 kHz (Chengdu
Chengyao Technology Co., Ltd., PST4, t = 2.7 mm, w = 10 mm, | = 105 mm) using cyanoacrylate
glue. During attachment of the capillaries to the transducer, care was taken to ensure that the
capillaries were evenly distributed along the length transducer, were attached to the transducer at
the middle of the capillaries, and that the open ends of each capillary were aligned. 24 AWG wires
(Digikey), used as transducer leads, were soldered to either side of the transducer. The terminal

end of the wires were then soldered to 4 mm female banana jack ports (Bei Qian).

5.5.3 Device fabrication

The assembled trapping array was placed on the trapping array holder, and the lead from
the underside of the trapping array was passed through the lead hole. The two transducer clips
were placed over the trapping array to keep the trapping array assembly in one piece during
subsequent assembly steps. The trapping array was fastened to the left and right sides socket screws
(Grainger, M3-0.5, | = 10 mm) and thin hex nuts (M3-0.50, w = 5.5 mm, h = 1.8 mm). Both banana
ports were then passed through the lead through-holes of the left side and were seated in the banana
port holder. Both wires were seated in the wire guides of the left side to avoid interference with
well plates. The electrical port cover was then attached to the left side to contain both banana ports

using a screw and nut. The upper siphon chamber was then attached to the device with two screws
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and two nuts. The ends of the silicone tubes extending from each of the capillaries were then
positioned at the bottom of the siphon chamber wells and the length of the tubes in the chambers
were pushed into the tubing guides to be held in place. The external tip of the outlet of each glass
capillary were coated with hydrophobic silicone solution (Rain-X glass water repellent) to ensure

clean droplet separation during siphoning.

5.5.4 Multichannel acoustic separator operation

The device was connected to a function generator and amplifier via banana port and an
oscilloscope was attached to each lead via banana port to alligator clip wiring. To engage acoustics,
a~750 kHz AC sine wave was applied at ~25 V. To prime the siphon, 600 pL of water or buffer
was added to each of the 12 siphon chambers via multichannel pipette. To complete priming, the
compressible tubing of each channel was depressed and manipulated with a rolling motion to draw
liquid from the siphon chambers through the entirety of each channel. Flow through each channel
was then controlled strictly by the gravity-based siphon effect. Liquids in the siphon chambers
were siphoned out of the chamber until equilibrium in pressure between the inlet and outlet of each
channel was reached. The height, and therefore volume, of the fluid remaining in the siphon
chambers after reaching equilibrium was tuned by adjusting relative siphon chamber and outlet
height. When fluid remained in the chambers after equilibrium was reached, flow through each of
the channels was reinitiated by addition of other liquids to the siphon chambers, typically 300 pL
of water, buffer, or 3X diluted whole blood (porcine with sodium heparin, Lampire). While the
siphon was active, liquid constantly drained through the channels and dripped from the trapping

channel outlets into a waste container or 96-well plate for sample collection. Prior to use, water

127



and wash buffer were degassed for at least 1 hour to avoid generation of air bubbles in the device

channels.

5.5.5 Evaluation of channel washing

To analyze effectiveness of device washing when samples suspended in water were present
in the device, all 12 channels of the multichannel acoustic separator were primed with a solution
of blue food color in water and acoustics were engaged. The channels were then washed 5 times.
For every wash, the liquid leaving each channel was collected in a 96-well plate. After this, 200
uL of each sample was transferred to clear, flat bottom 96-well plate (Grenier). Finally, each
sample was analyzed by recording absorbance at 630 nm using a plate reader (Infinite 200Pro,
Tecan). To analyze effectiveness of device washing when samples suspended in diluted whole
blood were present in the device, the same process was repeated after priming the channels with
3X diluted whole blood. Because the optical density of diluted whole blood is substantial, 15 pL
of each collected sample was diluted to 200 pL with PBS prior to measurement of absorbance at

542 nm.

5.5.6 Evaluation of flow rate

To evaluate drained volume over time and, subsequently, flow rate when different fluids
pass through the device, the device was primed with either water, buffer, or 3X diluted whole
blood. Then, the acoustics were engaged and 300 pL of the respective liquid was added to the
upper siphon chamber while recording a video. The video was recorded until all channels had
stopped dripping for 10 s. These videos were analyzed to determine number of drops per channel

as well as the timepoints for each droplet. Then, the drained volume from each channel was
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determined by pipette. This volume was divided by the total number of drops per channel to yield
an average drop volume per channel. The volume drained over time was then plotted assuming a

constant volume per droplet.

5.5.7 NACP production

NACPs were produced as previously described.!”® Briefly, 0.1% v/w triethoxyvinylsilane
(Sigma Aldrich) was thoroughly mixed with a 10:1 weight ratio mixture of Sylgard 184 base (Dow
Chemical) and Sylgard 184 crosslinker (Dow Chemical). This mixture was submerged in a
solution of 1% w/w Pluronic F108 (Sigma-Aldrich) in deionized water (DIW) and all components
were homogenized for 1 min, producing polydisperse, uncured NACPs. The mixture was cured
for 2 hours at 80°C. The cured NACPs were then filtered through a series of cell strainers
(PluriStrainer) while vortexing at speeds sufficient to agitate liquid in the cell strainer in order to

isolate a low-polydispersity population of NACPs between 20-30 um.

5.5.8 NACP sizing
NACPs were pipetted onto a glass slide and images were captured by a Zeiss AxioVert Al
TL/RL inverted fluorescence microscope equipped with a Axiocam 305 mono camera (Zeiss,

Germany). NACP sizes were determined by analyzing images with Fiji/ImagelJ software.

5.5.9 NACP washing
NACP washing during production and functionalization was completed by centrifugation

at 3000xG for 3 minutes, followed by aspiration and resuspension. NACP washing in 96-well
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plates was completed by centrifugation of the well plate at 1500xG for 1 minute, also followed by

aspiration and resuspension.

5.5.10 Functionalization of control NACPs and anti-OVA-, IgM-, and IgA-specific fNACPs
NACPs were functionalized by conjugating the NACPs with a biotin-PEG-silane, followed
by conjugation with SA, followed by conjugation with a biotinylated BRE. Typically, 5x10°
NACPs were washed thrice with 0.05% v/v Tween 20 (Sigma-Aldrich) in DIW and resuspended
in 50 uL of a 30 mg mL"! solution of 2 kDa silane-PEG-biotin (Laysan Bio) in DIW. Particles were
incubated for 2 hours at room temperature while mixing on a VorTemp 56 shaking incubator
(Labnet) at ~1200 rpm. NACPs were washed thrice with 0.05% v/v Tween 20 in PBS (Sigma-
Aldrich). The NACPs were then resuspended in 100 pL of 1.7 mg mL! SA (ThermoFisher) and
incubated for 90 min at room temperature while mixing. After incubation, NACPs were washed
thrice with 0.05% v/v Tween 20 in PBS and resuspended in solutions containing biotinylated-
BRESs. For anti-OVA-specific fNACPs, the NACPs were resuspended in 200 pL of 2.5 mg mL!
biotin-conjugated OVA (Nanocs) in PBS. For IgM-specific fNACPs, the NACPs were
resuspended in 1000 pL of 0.5 mg mL™! biotin-conjugated goat anti-Mouse IgM (ThermoFisher)
in PBS. For IgA-specific INACPs, the NACPs were resuspended in 1000 uL of 0.5 mg mL"! biotin-
conjugated goat anti-mouse IgA (Southern Biotech) in PBS. For all cases, particles were incubated
for 90 min at room temperature while mixing. Finally, the fully functionalized fNACPs were
washed thrice in storage buffer composed of 1% w/v BSA (Sigma-Aldrich) in PBS. After washing,
the fNACPs were resuspended in storage buffer and stored at ~4°C until use. Control NACPs were

functionalized identically to fNACPs through conjugation of SA. After conjugation with SA,

130



control particles were incubated with 450 puL of a 2 mg mL"! solution of biotin-conjugated BSA

(ThermoFisher) in PBS.

5.5.11 Fluorescently barcoding fNACPs and control NACPs

To fluorescently barcode the fNACPs and control NACPs, the particles were incubated
with varied ratios of nonfluorescent SA to fluorescent Alexa Fluor 405-conjugated SA
(ThermoFisher) during the SA functionalization step. The ratios utilized include 1:0, 99:1, 9:1, and
0:1. During some experiments, control particles were instead functionalized with fluorescent Alexa

Fluor 488 SA (ThermoFisher) alone.

5.5.12 fNACP trapping and purification

Before fNACP purification, the multichannel acoustic separator was primed with wash
buffer and acoustics were engaged. Then, 300 pL samples containing 4-5x10* particles were added
to the upper siphon chambers via multichannel pipette. After draining, the channels were washed
2-4 times by adding 300 pL. of wash buffer to the upper siphon chambers and allowing the
chambers to drain into a waste container until reaching equilibrium. Then, the acoustics were
disengaged. After waiting 1-2 minutes, 300 pL of wash buffer was added to the upper siphon

chambers and the fNACP-rich purified samples were collected on a 96-well plate.

5.5.13 Visual characterization of NACP trapping
To visually assess NACP trapping, ~5 pL of a 5 wt% solution of 5.1 pm red fluorescent
carboxylated PS particles (Magsphere) was added to a ~1.7x10° particle mL! solution of NACPs

coated with green fluorescent SA in wash buffer. The particle mixture was passed through a
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trapping channel situated on the fluorescent microscope at 1 mL min! via syringe pump. Images

of the trapping channels were captured before and after engaging the acoustics.

5.5.14 Evaluation of NACP trapping

To evaluate NACP trapping, samples of 5x10*NACPs were added to 300 pL of either wash
buffer or 3X diluted whole blood. The multichannel acoustic separator was primed with wash
buffer and the acoustics were engaged. The NACP samples were added to the upper siphon
chambers and the draining fluid was collected for analysis. The channels were then washed two
(i.e., for separation from buffer) to four (i.e., for separation from blood) times and the drained fluid
was collected in a 96-well plate. The acoustics were then disengaged and the NACPs were
collected. To determine the extent of residual NACPs in the channels after NACP collection, the
channels were then washed twice more and the draining fluid was collected. The volume of each
collected sample was adjusted to the same approximate volume by pipette. Finally, all samples
were analyzed by flow cytometry (BDFACSCelesta with a high-throughput sampler) and the
number of NACPs in each sample were recorded. Notably, the samples from the initial addition of
particles in blood, as well as the corresponding first two washes, had to be diluted 200, 100, and
10X, respectively, to properly evaluate NACP numbers with flow cytometry. These dilution
factors were taken into account when completing data analysis. We then calculated trapping

efficiency by the following:

Trapping ef ficicency =
(NACPscollected)
(NACPSinitial + NACPSwashes + NACPScollected + NACPSresidual)

(5.1)
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5.5.15 Individual fNACP assays

For anti-OVA, IgM, and IgA assays, 10* fNACPs specific to either anti-OVA, IgM, or IgA
were mixed with 10* control NACPs. The particle mixtures with then resuspended in 100 pL PBS
spiked with either anti-OVA spanning 0.001-1000 nM, IgM spanning 0.0002-200 nM, or IgA
spanning 0.00032—-320 nM in a 96-well plate. The samples were incubated for 30 min while mixing
at 1200 rpm at room temperature. After incubation, samples were washed thrice in the well plate
and were resuspended in labeling solutions. The labelling solutions for anti-OVA, IgM, and IgA
detection were 10 ug mL' Alexa Fluor Plus 594-conjugated donkey anti-rabbit IgG IgG
(ThermoFisher) in PBS, 10 ug mL! Alexa Fluor 594-conjugated goat anti-mouse IgM IgG
(Southern Biotech) in PBS, or 10 ug mL"! Alexa Fluor Plus 555-conjugated goat anti-mouse IgA
IgG (Southern Biotech) in PBS, respectively. After incubating for 30 min while mixing at 1200
rpm at room temperature, the particles were washed thrice in the well plate. Finally, the particles

were resuspended in 200 uL wash buffer and analyzed by flow cytometry.

5.5.16 Multiplexed fNACP assays

To test multiplexing of the fNACP assay, 10* of each of the 3 fNACP types and 10* control
fNACPs were mixed and then resuspended in 100 uL PBS spiked with all 8 possible combinations
of 0 or 10 nM anti-OVA, 0 or 0.2 nM IgM, and 0 or 3.2 nM IgA. The samples were incubated for
30 min while mixing at 1200 rpm at room temperature. After incubation, samples were washed
thrice in the well plate and were resuspended in a labelling solution containing 10 ug mL! of each
of the 3 fluorescent labels used for the individual fNACP assays. After incubating for 30 min while
mixing at 1200 rpm at room temperature, the particles were washed thrice in the well plate. Finally,

the particles were resuspended in 200 uL. wash buffer and analyzed by flow cytometry.
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5.5.17 fNACP assay in whole blood using the multichannel acoustic separator

For each sample, 10*IgA-specific INACPs and 10* control NACPs were suspended in 100
uL of whole porcine blood with spiked IgA spanning 0.0032-32 nM in a 96-well plate. The
samples were incubated for 30 min while mixing at 1200 rpm at room temperature. Samples were
then diluted to 300 uL with wash buffer and were purified using the multichannel acoustic
separator. The purified sample were collected in a round bottom 96-well plate and were pelleted,
aspirated, and resuspended in 100 pL of a labelling solution containing 10 pg mL-! Alexa Fluor
Plus 555-conjugated goat anti-mouse IgA IgG (Southern Biotech) in PBS. After incubating for 30
min while mixing at 1200 rpm at room temperature, the particles were washed thrice in the well
plate. Finally, the particles were resuspended in 200 pL wash buffer and analyzed by flow

cytometry.

5.5.18 Assay curve fitting
Assay standard curves, shown in Figs. 5.5D-F and 5.6E, were fit with a five-parameter
logistic (SPL) curve to determine the assay LOD. To do so, experimental data was fit to the

standard S5PL equation, given by:

(5.2)

where y is the fluorescence intensity, a and b are the fluorescence intensities at the minimum and

maximum biomarker concentrations, respectively, x is the biomarker concentration, ¢ is the mid-
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range concentration, d is the slope factor, and g is the asymmetry factor. a was constrained to be
the mean background fluorescence measured during experiments. MATLAB was used for all
fitting. LOD was determined by identifying the concentration at which the response was 3 standard
deviations above the background response (i.e., NACPs without any fluorescent labels), as

predicted by the curve fit. Fit parameters may be found in Table E.1.

5.5.19 Statistical analysis
Differences between groups were compared by one-tailed Student’s t-tests, and P <0.05
was considered significant in the analyses. All quantitative data is expressed as the

mean + standard deviation.
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Chapter 6: Concluding remarks
6.1 Summary of Key Findings

6.1.1 Key findings in Chapter 2

In Chapter 2, we demonstrated the use of ICEP of functional metallodielectric Janus
particles, ICEMs, as a means of simple and label-free biosensing. We functionalized ICEMs with
an antifouling PEG layer and biotin recognition elements for the capture of SA and showed that
decreased ICEM speed occurred only with specific capture of SA. Moreover, a continuous
decrease in mean particle speed was observable from 1-100 nM SA when using 2.5x10° ICEMs
per sample. We additionally showed the ability to functionalize ICEMs with recognition elements
for the detection of antigens. Lastly, we showed that the ICEM assay sensitivity can be enhanced
by reducing the number of ICEMs used and achieved a 10-fold lower detection (0.1 nM SA) by
using 1x10* ICEMs per sample. Through these findings, we demonstrated the first example of

ICEP as a mechanism of signal transduction for specific biomolecule detection.

6.1.2 Key findings in Chapter 3

In Chapter 3, we presented DPM as a method to experimentally determine effects of surface
modifications on the polarizability of surfaces in systems that leverage ICEO. We applied this
method for the study of surface-modified Janus particles, inspired by the ICEMs presented in
Chapter 2, travelling by ICEP. We showed that DPM enables prediction of a decrease in particle
speed upon SA capture by silica-gold Janus particles modified with PEG and biotin-PEG-thiol
due, in part, to a decrease in the polarizability of the gold hemisphere over which SA is captured.

We additionally revealed that experimentally observed increases in the speed of polymer-modified
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Janus particles are likely governed by effects unrelated to changes to particle polarizability,
including changes to particle-surface interactions in the system. Overall, this work both 1) revealed
potential fundamental mechanisms through which ICEM-based biomolecule detection, discussed
in Chapter 2, is made possible and 2) laid the foundation for broader implementation of DPM,
which could be key for future design of ICEO-based systems or for the study of complex ICEO-

based phenomenon

6.1.3 Key findings in Chapter 4

In Chapter 4, we presented an acoustic pipette and fNACPs for the rapid, sensitive, and
simple capture, purification, and detection of biomolecules. We described methods to synthesize
large fNACPs with a low-polydispersity (i.e., <15% CV) that can be acoustically trapped and
purified from whole blood with high efficiency at rates up to 5 mL min'!. We functionalized the
fNACPs using a flexible conjugation approach that enables simple tuning of the fNACP
specificity. The presented acoustic pipette contains all necessary components to conduct fNACP-
based assays, including wash buffer, a fluorescent secondary antibody, and a trapping channel
supporting a half-wavelength acoustic standing wave. Using this system, we demonstrated the
detection of anti-OV A antibodies from blood at picomolar levels (60 pM), a sensitivity competitive
with commercial ELISA kits. Beyond this, we developed a portable, custom benchtop fluorimeter
for analysis of samples processed in the acoustic pipette. Using a modified fNACP-based assay,

we rapidly detected anti-OVA at 100 nM.
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6.1.4 Key findings in Chapter 5

In Chapter 5, we presented a multichannel acoustic separator for the rapid, simplified, and
high-throughput purification and detection of biomolecules from complex samples using fNACPs.
The multichannel acoustic separator is capable of strongly trapping within 12 parallel trapping
channels, and flow through each of the channels is mediated by a semi-continuous siphon that
eliminates the need for external pumps or manual fluid actuation, substantially simplifying
workflows and increasing the accessibility of the technology. We further demonstrated the
capability of multiplexing the fNACP assay for the simultaneous detection of multiple biomarkers.
Finally, we showed the use of IgA-specific fNACPs and the multichannel acoustic separator to
enable high-throughput detection of biomolecules from fluids replete in off-target molecules and

cells.

6.2 Outlook

6.2.1 Future directions for ICEP-based biomolecule detection

There are ample opportunities to further expand upon the performance and applications of
the ICEM-based assay presented in Chapter 2. Thanks to the simple recognition element
conjugation approach, the presented ICEMs could be easily tuned for recognition and capture of a
range of biomolecules of interest by conjugating aptamers, antibodies, or other recognition
elements to the gold hemisphere of the particles. The assay could additionally be multiplexed for
simultaneous detection of a panel of biomolecules by production of shape- or color-barcoded
ICEMs, each with unique biomolecule specificities. Finally, by automating ICEM propulsion and

tracking or integrating the assay into a mobile phone-based detection system, time to results could
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be decreased substantially, expanding accessibility and simplicity of the ICEM-based biomolecule

detection system.

6.2.2 Future directions for the study of ICEP-based biomolecule detection

The findings presented in Chapter 3 support the hypothesis that decreases in the speed of
Janus particles travelling by ICEP upon capture of protein are mechanistically driven in part by
direct changes to the effective polarizability of metallic surfaces of the Janus particles, but also
revealed the presence of additional mechanisms by which ICEP motion is altered by surface
modification. This work thus provided key insights related to the ICEM-based signal transduction
method presented in Chapter 2. However, future work to isolate and confirm the predominant
mechanisms by which signal transduction occurs in the ICEM assay would substantially enhance
future design and implementation of ICEM assays. This may be made possible through
experiments that employ particle tracking around immobilized ICEMs to study associated ICEO
flows or through removal of confounding effects, potentially made possible by tracking ICEMs in
bulk liquid or at a liquid-liquid interface, rather than at a liquid-solid interface. These efforts may
simplify the design of ICEM assays, enable expansion of the range over which ICEM-based signal
transduction can occur, or allow for transduction to occur at lower concentrations of biomolecules,

further increasing the sensitivity of the ICEM assays.

6.2.3 Future directions for DPM development
The findings presented in Chapter 3 additionally laid the foundation for the probe particle-
based DPM method as a means of studying the effects of various modifications on the

polarizability of surfaces in systems that leverage ICEO, and there are a great number of
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opportunities for the advancement of this method. For instance, the predictive capabilities of the
DPM method may benefit from future work to ensure probe particles accurately mimic the system
of study or from inclusion of damping factors in theoretical calculations to account for surface
effects. Efforts to automate parts of the measurement approach (e.g., automated frequency sweeps
and recording) could also decrease barriers to use of the method. Perhaps most importantly, future
work focused on validating the DPM method against systems in which surface-surface or other
confounding interactions are not present may provide key insights toward further development and

implementation of this measurement method.

6.2.4 Future directions for fNACP-based biomolecule detection

The fNACP and acoustic pipette technology presented in Chapter 4 has the potential to
dramatically shorten the time required to isolate and detect biomarkers (i.e., requiring only 70
minutes with less user engagement than commercial ELISA methods of 4-6 hours). By adding an
on-board power supply and integrating the system with a low-cost benchtop fluorimeter, the
acoustic pipette and fluorimeter system holds the potential to enable deployment of POC
diagnostic testing in remote areas, while maintaining — and potentially increasing — assay
sensitivity compared to mainstay detection techniques. Through modification of the signal
transduction approach, the fNACP assay output could be tuned to meet the requirements of a
broader range of detection applications. The acoustic pipette and fNACPs can additionally be of
use independent of one another; the acoustic pipette could be a powerful tool for the simple and
rapid separation of a host of other particle or cell types in laboratories or elsewhere, while the
NACPs may help to expand the capabilities of other acoustofluidic systems that currently primarily

utilize PACPs for sensing, object manipulation, or other applications. Furthermore, by tuning and
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expanding on the fNACP functionalization, the system could be used for a myriad of purposes,
including capture and purification of cells, small molecules, or other targets of interest. The {NACP
barcoding approach, presented in Chapter 5, could additionally be expanded upon to create
multiplexed assays for greater numbers of targets in a single assay.

The multichannel acoustic separator presented in Chapter 5 was designed to be easily
integrated into existing detection workflows and interface with common laboratory supplies and
equipment (i.e., 96-well plates, multichannel pipettes). By the integration of a power source to
drive the piezoelectric transducer of the trapping array, the device could be made to be completely
portable for field-based purification of biomolecules. Further tuning of the multichannel acoustic
separator design could also enable a wider range of achievable flow rates, reductions in purification
times, or separations by multiple field types (e.g., through the addition of a magnetic separator
attachment). The future redesign of the multichannel acoustic separator would benefit from a
rigorous analysis of the parameters that dictate siphon function. While our work investigated some
of these parameters at a surface level, in-depth study of the physical phenomenon governing the
siphon function would be helpful in selecting materials, dimensioning components, or

implementing new features for future versions of the device.

6.3 Final remarks

The projects presented in this dissertation are the culmination of over 5 years of research
and the contributions of numerous talented researchers. Moreover, each project built off of, was
made possible through, and was inspired by the past developments, inventions, and discoveries of

an even greater number of scientists and engineers. In a similar fashion, I hope the unique
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advancements presented in this work will inspire and facilitate future research, innovation, and

discovery.
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Appendix A: Magnetically locked Janus particle clusters with orientation-dependent

motion in AC electric fields

Previously published as: Gyun Lee, J.*; P. Thome, C.*; A. Cruse, Z.; Ganguly, A.; Gupta, A.;
Wyatt Shields, C. Magnetically Locked Janus Particle Clusters with Orientation-Dependent
Motion in AC Electric Fields. Nanoscale 2023, 15 (40), 16268-16276.

https://doi.org/10.1039/D3NR03744D. All supplementary media may be obtained at the source of

publication. *J.G.L. and C.P.T. are co-first authors and contributed equally to this work.

A.1 Abstract

Active particles, or micromotors, locally dissipate energy to drive locomotion at small
length scales. The type of trajectory is generally fixed and dictated by the geometry and
composition of the particle, which can be challenging to tune using conventional fabrication
procedures. Here, we report a simple, bottom-up method to magnetically assemble gold-coated
polystyrene Janus particles into “locked” clusters that display diverse trajectories when stimulated
by AC electric fields. The orientation of particles within each cluster gives rise to distinct modes
of locomotion, including translational, rotational, trochoidal, helical, and orbital. We model this
system using a simplified rigid beads model and demonstrate qualitative agreement between the
predicted and experimentally observed cluster trajectories. Overall, this system provides a facile
means to scalably create micromotors with a range of well-defined motions from discrete building

blocks.
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A.2 Introduction

Micromotors composed of active colloidal particles have found use in a multitude of

23-26 30-32

applications, including drug delivery, cell manipulation,?’2° flexible electronics, and

cargo transport.* 37 Such micromotors can be propelled by various energy sources, including

38-43 24,4446

magnetic, acoustic, and electric fields,*>*7% as well as catalytic reactions.’!> As a
category of electrical stimulation, induced-charge electrophoresis (ICEP) is a useful method to
drive the motion of metallodielectric particles (e.g., dielectric particles with metal patches) in
alternating current (AC) electric fields due to the highly tunable interactions between the particles
and applied field.3347:8498.215 In the case of a metallodielectric particle undergoing ICEP, the patch
geometry is a major determinant of particle locomotion;3¢-88216 however, the ability to control
patch morphology, and thus particle trajectory, is limited.

Previous work has studied the locomotion of dimeric Janus particle clusters,?!”-2!* which
have the capacity to exhibit non-linear trajectories. However, this approach has only been shown
to produce two regimes of locomotion (i.e., linear and orbital). By assembling Janus particles (i.e.,
spherical particles with two distinct hemispheres) into multiparticle clusters with complex relative
orientations, we hypothesized that it is feasible to replicate the motion of singular Janus particles
and access new regimes of motion not otherwise attainable using traditional Janus particles.

Here, we utilize a high-throughput approach to show the first demonstration of
magnetically “locked” assemblies of metallodielectric Janus particles that exhibit five distinct
regimes of locomotion when driven by ICEP (i.e., translational, rotational, trochoidal, helical, and
orbital). Four of these regimes are accessible by clusters comprising only two Janus particles. By

assembling Janus particles into larger clusters, such as trimers, or assembling particles with non-

hemispherical patches (i.e., patchy particles)’®21%220] we observe a broader diversity of motions
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within a single experiment (e.g., orbital motions of patchy-Janus particle clusters and helical
motions of trimeric Janus particle clusters). To examine the relationship between particle
orientations within a cluster and the resultant cluster motions, we show that a force-torque model
can qualitatively predict the trajectory of assembled clusters in AC electric fields. This system
provides a simple, high-throughput avenue for the study and future design of micromotors with
distinct trajectories and functions, such as those that must navigate complex 3D environments to

deliver cargo.

A.3 Results and Discussion

In the case of metallodielectric particles, ICEP originates from asymmetric electroosmotic
flows over the regions of differing polarizabilities. When a uniform AC field in the kHz frequency
range is applied to a metallodielectric Janus particle within a liquid, the particle reorients such that
the interface between the hemispheres aligns parallel with the field due to dielectrophoresis (DEP),
yielding the greatest possible induced dipole moment.®>22!" After this reorientation, ions in solution
accumulate preferentially at the surface of the metallic hemisphere, generating an induced charge
cloud. At steady state, due to this induced charge cloud, fluid is drawn to the particle parallel to
the field and ejected perpendicular to the field, away from the two hemispheres.®>*?? Importantly,
electroosmotic flows dominate over the region of the particle that is more polarizable, resulting in
asymmetric fluid flows around the particle and propulsion in the direction of the less polarizable
region.*7:82:87.92.96 Thyg, to fabricate non-magnetic Janus particles for this study, we used electron-
beam (e-beam) evaporation to coat one hemisphere of commercial 5.1 um fluorescent polystyrene
(PS) particles with gold (Au) due to the large mismatch in the polarizability of both materials. To

fabricate magnetic Janus particles capable of locking into varied cluster configurations, we
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deposited a thin layer of cobalt (Co) — a ferromagnetic material — between the polystyrene and
gold layers. For both types of particles, a chromium (Cr) layer was included between the PS and
the metal patch to aid adhesion of the patch (Fig. A.1A). After removal from the coating substrate,
we transferred the particles to Milli-Q water, as high solution ion content suppresses ICEP, at a
concentration of ~2.5x10° particles mL!.3%8% We then exposed the magnetic Janus particle solution

to a permanent magnet (~50 Gauss), ensuring random magnetization of the Co patches of the Janus

particles.
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Figure A.1. Fabrication and propulsion of non-magnetic versus magnetically locked Janus
particles in AC electric fields. A. Schematic illustration of the preparation of Janus particles.

168



Polystyrene spheres on a substrate are coated with Cr and Au to prepare non-magnetic Janus
particles or Cr, Co, and Au to prepare magnetic Janus particles, all using e-beam evaporation. B.
Schematic representation of the coplanar electrode propulsion chamber. The particle dispersion is
introduced between two gold electrodes, and a high frequency AC square wave is applied. C.
Schematic image showing propulsion and assembly of non-magnetic Janus particles in AC electric
fields. Upon removal of the electric field, particles disassemble. D. Fluorescent microscopy image
showing dispersed non-magnetic particles before applying an AC electric field. E. Superimposed
fluorescent microscopy image of non-magnetic Janus particles in a uniform AC electric field. A
single Janus particle propels with a linear trajectory due to ICEP, while particles assembled by
dielectrophoretic forces and aligned with the electric field do not exhibit any motion. F. Schematic
illustration showing propulsion of a magnetically locked cluster of Janus particles in AC electric
fields. G. Fluorescent microscopy image showing pre-assembled magnetic particles before
applying AC electric fields. H. Superimposed fluorescent microscopy image showing propulsion
of magnetic clusters.

We fabricated coplanar electrokinetic propulsion chambers by depositing 20 nm Cr and
100 nm Au on a glass slide masked with a thin strip of Kapton tape spanning the length of the
slide. After metal deposition, the tape was removed to reveal two Au electrodes. We attached
copper (Cu) tape to each electrode to act as electrical leads. During experiments, a hydrophobic
pen was used to draw a small square outline that overlapped the two electrodes, and two pieces of
polytetrafluoroethylene (PTFE) tape were placed perpendicular to the electrodes at the border of
the hydrophobic boundary to act as spacers. After this, 10-20 pL of solution containing the
particles was pipetted onto the slide within the hydrophobic boundary, and a coverslip was placed
on top of the PTFE spacers. A square wave (4 kHz for all experiments) was applied to the chamber
to generate the AC electric field (~750 V em! for all experiments) within it (Fig. A.1B, Fig. A.5).

We first evaluated chamber operation by loading a solution of non-magnetic Janus particles
(i.e., lacking the Co layer) into a chamber situated on a fluorescence microscope equipped with a
camera. Without the AC electric field applied, particle orientations were random, though the dense

gold hemispheres tended to orient toward the bottom of the chamber, toward the microscope

objective, due to gravity (Fig. A.1C, D). Upon applying the electric field, we noted that single
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particles displayed linear translation perpendicular to the applied AC electric field, which is
characteristic of ICEP of spherical, metallodielectric Janus particles.®>?2* We also observed DEP-
mediated clustering of some particles when in close proximity. Such clustering generally led to
arrested particle motion due to alignment and coupling of the cluster with the field, which results
in DEP forces dominating over ICEP forces (Fig. A.1E).?>* Upon removal of the applied field,
these clusters disassembled as expected.

We then examined pre-magnetically locked Janus particles in the chamber. In the absence
of an applied AC electric field, we saw a diverse population of Janus particle clusters, including
many dimers and trimers (Fig. A.1F-H). Upon application of the field, we observed a range of
motions, including translational, rotational, trochoidal, helical, and nil (arrested) motions (Fig.
A.1H, A6, A7). Notably, unlike the clusters of non-magnetic Janus particles that dispersed when
the applied field was removed, clusters of magnetic Janus particles retained their configurations
after removal of the AC electric field, confirming their assembly is mediated by the magnetic Co

layer and not by DEP forces.
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Figure A.2. Janus particle dimer exhibiting linear translational motion. A. Time-lapse image
of an experimentally observed Janus particle dimer displaying linear translation, captured via
fluorescence microscopy. B. Cluster trajectory, extracted from the tracking video used to create
the time-lapse image in (A). C. Schematic illustration detailing the approach for defining relative
particle orientations in an assembled cluster. D. Schematic illustration of the configuration of the
dimer from (A) and the extracted approximate vectors that define the configuration. E. Trajectory
of the cluster in (D) as simulated using a rigid beads model.

To begin exploring the nature of the diverse cluster motions we observed, we analyzed a
dimer configuration that exhibited linear translation without rotation. As seen in both the time-
lapse images (Fig. A.2A; Movie S1) and particle trajectory plot (Fig. A.2B), the particle cluster
moves linearly; however, the direction of motion differs from that of a single Janus particle
undergoing ICEP in that neither of the PS hemispheres directly face the direction of motion. We
hypothesized that this cluster motion was a direct result of the relative orientation of the individual
Janus particles. To explore this more rigorously, we defined the orientation of the two particles
using a common origin (i.e., the point of contact between the two particles), two position vectors,
T4 and 15, and two force vectors, F; and F,, that point from the center of the patch of each particle
to its PS center (Fig. A.2C, Fig. A.8). After video analysis, we determined the position vectors of
the particles in the cluster to be directed along the position vectors r; = [1/v/2,1/+/2,0] and
r, = [-1/V2,—1/4/2,0] with the point of contact designated as the origin. Notably, as 1, is
always the negative of 1y, we report only r4 for convenience in the remainder of this discussion.
The force vectors, representing the relative orientation of the metallic patches in the assembly are
givenby F; = [1,0,0] and F, = [0, —1, 0] (Fig. A.2D). We then modeled these particles by a rigid
beads model where the complex forces due to asymmetric electroosmotic flow over the particles
are instead modeled as a single net effective force acting normal to the center of each magnetic

patch (additional information available in the “Janus assembly propulsion modeling” section and
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the Supplementary Materials). Using this model, we generated theoretical trajectories of this dimer
configuration and found qualitative agreement between theory and experiments (Fig. A.2E),
wherein the dimer cluster experienced linear translation toward the PS hemispheres.

To further evaluate the distinct types of motions exhibited in this system and further verify
predictions by our model, we isolated and captured videos of dimeric clusters that exhibited
rotational (Fig. A.3A; Movie S2), trochoidal (Fig. A.3B; Fig. A.9; Movie S3), and helical motions
(Fig. A.3C; Fig. A.10; Movie S4). We define rotational motion as the spinning of clusters about
their common origin (i.e., close to or in line with their point of contact) and helical motion as the
orbit of clusters around a central point outside of the dimer while undergoing translation. Last, we
define trochoidal motion as concurrent rotational and translational motion. The tracked
experimental trajectories of clusters exhibiting rotational, trochoidal, and helical motions are
shown in Fig. A.3D, E, and F, respectively. We analyzed videos to determine the approximate
relative orientations of particles within a cluster; following this, we generated theoretical
trajectories for each of these clusters using the previously described rigid beads model (Fig. A.3G,
H, and I). Again, we found strong qualitative agreement between the character of the trajectories
predicted by the model and those observed experimentally. It may be expected that the proximity
of particles in a dimer or other cluster configuration would lead to disruption of the electroosmotic
flows over the particles, therefore impacting particle trajectories;?!” however, this was noted and
addressed by Wu et al., where these perturbations were modeled through a first-order method of
reflections.??® In essence, each constituent bead moves due to the external electric field along with
the entrained electrohydrodynamic flow of the other bead as a first-order correction. While
qualitatively similar to the beads modeling technique applied in our analysis, our methodology

captures corrections beyond the first order and is hydrodynamically more precise for a pair of
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touching spheres than Wu et al. In contrast, the force calculations in our model are only accurate
up to the leading order, where the net forces and torques are the sum of the electric forces
independently acting on each particle. Hence, we do not capture the perturbation in force on a
particle due to the presence of the other. This perturbation being a higher-order effect is not
necessary to qualitatively predict the motion of our clusters,??® as seen in Figs. A.2E, and A.3G-1.
Indeed, the qualitative agreement between the four distinct observed and predicted motions (i.e.,
translational, rotational, trochoidal, and helical) suggests that the simplified effective net forces
normal to the patch hemispheres are sufficient for model-based, qualitative prediction of the
character of complex motions arising from slight changes to the relative orientations of Janus

particles in a dimeric cluster.
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Figure A.3. Janus particle dimers exhibiting rotational, trochoidal, and helical motions. A-
C. Time-lapse images of experimentally observed dimers exhibiting (A) rotational, (B) trochoidal,
and (C) helical motions, captured via fluorescence microscopy. D-F. Plotted particle trajectory for
(D) rotational, (E) trochoidal, and (F) helical motions extracted from the particle tracking videos
used to generate the time-lapse images in (A), (B), and (C), respectively. G-I. Schematic
illustrations of the approximate configurations of the dimers and position vectors as well as
trajectories of the clusters in (A), (B), and (C), respectively, as simulated using a rigid beads model.
Scale bars in (A), (B), and (C) = 10 um.
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In addition to dimers, this system spontaneously generates more complex clusters,
including trimers, tetramers, etc., each displaying unique motions. To continue exploring the
richness of this system, we examined the motion of dimers consisting of both patchy and Janus
particles as well as trimeric clusters. To fabricate patchy particles, we used glancing angle
deposition of the metallic layers described earlier to form non-hemispherical patches (Fig. A.11).
Using these particles, we first examined a dimer cluster consisting of a Janus particle and a patchy
particle with a triangular patch. Compared the propulsion of a dimer formed from two Janus
particles, which rotates about an axis found within the cluster (Fig. A.3A, A.4A), we observed that
a dimer formed from Janus particle and a patchy particle rotates about an axis that is outside of the
cluster (Fig. A.4B, C; Movie S5). This orbital motion may be attributed to a combination of the
orbital component of the motion of the patchy particle, which is known to be a three-dimensional
helix¥”2%7, and the linear translational motion of the Janus particle. When combined, the
translational motion of the Janus particle of the dimer counteracts the translational motion of the

patchy particle along the Z-direction, thus preventing helical motion along the Z-direction.
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Figure A.4. Patchy particle dimers and Janus particle trimers exhibiting orbital and complex
helical motions. A. Schematic illustration showing rotational motion of a Janus-Janus particle
cluster (Fig. A.3A). B. Time-lapse images of an experimentally observed Janus patchy particle
cluster exhibiting an orbital motion, captured via fluorescence microscopy. C. Schematic
illustration showing orbital motion of a patchy-Janus particle cluster. D. Time-lapse images of an
experimentally observed a trimeric cluster exhibiting helical motion, captured via fluorescence
microscopy. E. Schematic illustration showing helical motion of a trimeric cluster. Scale bars in
(A) and (D) = 10 pum.

As previously described, we observed several trimeric clusters with numerous
configurations. A rigorous study of these more complex clusters is reserved for future work;
however, we studied one trimer configuration that exhibited helical motion (Fig. A.4D; Movie S5).
Upon extracting the geometric orientation of the particles, we observed that the effective forces on
the patches of individual spherical particles in the assembly appear to be the primary contributors

to the experimentally observed direction of orbit along the helical path (Fig. A.4E). This example

highlights the ability to access various regimes of motion with multiparticle micromotor clusters,
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which may be useful for the development of micromotors capable of performing complex tasks

such as transporting and manipulating high-value cargo.

A.4 Conclusions

We show a simple system that leverages magnetic locking of metallodielectric particles
into clusters of varied configurations to experimentally explore a range of particle trajectories in a
single experiment. We further demonstrate that a rigid beads model qualitatively aligns with the
experimentally observed, complex motions of various configurations of dimeric clusters. This
suggests that electrohydrodynamic interactions between particles does not play a substantial role
in cluster motion, but the summed forces due to ICEP normal to the metallic patch of each particle
dominate in the case of the dimers studied.

The presented system could enable the future design of electrokinetic micromotors. By
predicting the trajectories of specific cluster configurations, it becomes possible to design particle
assemblies to accomplish specific tasks. In this system, the assembly of particles into distinct
dimeric and trimeric clusters through magnetic locking is predominantly random. However, by
leveraging techniques such as glancing angle deposition of the magnetic patch®’-21%228 templating

magnetic patches onto micromotors,***23!

or dynamic assembly of magnetic clusters after
application of the electric field, researchers can create particles that predictably assemble and self-
limit to a desired cluster configuration to access a prescribed regime of motion and accomplish a
specific task. For example, by depositing magnetic patches much smaller than one hemisphere of
the Janus particle, therefore reducing the number of possible cluster configurations, particles could

be programmed to form consistent clusters to reliably exhibit one or more of the trajectories

revealed in this study. If combined with other technologies, such as the ability to carry other
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particles, cells, or molecules, these programmed clusters could be used to deliver rare or high-

value cargo through complex 3D environments.

A.5 Experimental Section

A.5.1 Janus particle preparation

Janus particles were prepared by e-beam evaporation of Cr, Co, and Au onto a
submonolayer of 5.1 pm green or red fluorescent PS particles (Magsphere). To prepare the
submonolayers, a convective assembly-inspired approach was used.”” Specifically, two
borosilicate glass slides were cleaned and dried with acetone (Millipore Sigma). The substrate
slide was attached horizontally to the immobile end of a GenieTouch syringe pump (Kent
Scientific), while the deposition slide was attached to the mobile syringe holder connected to the
driveshaft. The deposition slide was brought into contact with the substrate slide at a ~45° angle.
The particles were washed three to four times into milli-Q water (MQW) to remove surfactants
and the solution was concentrated to 10 wt.%. After briefly sonicating, 10 pL of the particle
solution was pipetted onto the substrate slide at the point of contact with the deposition slide,
forming a thin, uniform line of particle solution across the contact line between the slides. The
syringe pump was calibrated to a 30 mL Becton Dickinson syringe and set to the full position.
Then, the pump was engaged, and the deposition slide was pushed across the substrate slide at a
rate of 2.5 mL min! until the deposited particle solution was exhausted. This occurred
approximately halfway across the deposition slide when the pump indicated an ejected volume of
~13 mL. The deposition slide was then cleaned to prevent particle buildup, and the slides were
once again brought into contact slightly past where the previous particle deposition ended. This

procedure was repeated to fill the slide. To fabricate non-magnetic Janus particles, slides with
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submonolayers were then coated with 10 nm Cr for enhanced metal patch adhesion and 30 nm Au
using an electron-beam evaporator (Edwards Auto 306 Cryo). To fabricate magnetic Janus
particles, slides with submonolayers were instead coated with 10 nm Cr, 10 nm Co, and 30 nm Au.
Coated particles were removed from the slides by gently scraping with a metal spatula,
resuspended in MQW, and transferred to a microcentrifuge tube for storage. The particles were

then sonicated for ~30 sec to separate aggregates.

A.5.2 Patchy particle preparation

For fabrication of particles with triangular patches (i.e., patchy particles), the same PS
particles were deposited on a glass slide via a Langmuir-Blodgett trough (NIMA). Briefly, | mL
of a 5 wt.% solution of PS spheres dispersed in a 50 vol.% aqueous ethanol solution was carefully
sprayed at the air-water interface of a trough filled with MQW using a pipette. The particles were
deposited on a substrate at a surface pressure of 22 mN m! to form a closed-pack monolayer of a
colloidal crystal (Fig. A.11). The triangular metal patch was introduced on the PS particles by
glancing angle deposition (angle between the substrate and the incident metal vapor = 10°), and
the substrate was transferred to an e-beam deposition chamber.®2!>-232 The metal deposition on
the particles was performed identically to that described for the preparation of magnetic Janus

particles.

A.5.3 Coplanar propulsion chamber fabrication
To fabricate coplanar propulsion chambers, borosilicate glass slides were masked with a
~2 mm adhesive Kapton tape mask that covered the length of the slides. Then 20 nm Cr and 100

nm Au were deposited on the masked slides by e-beam evaporation. After removal of the mask,
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the roughly 2 mm uncoated gap in the center of the slide (along its length) remained, with two
electrodes on either side. Two strips of Cu tape were adhered to the top of the Au electrodes to
form connection points for electrical leads. Additional details on the fabrication and use of the

propulsion chamber are available in the Supplementary Materials.

A.5.4 ICEP propulsion experiments

The coplanar propulsion chambers were washed thoroughly with acetone before each
experiment. A hydrophobic barrier pen (IHC World) was used to draw a roughly 1.25 cm x 1.25
cm square outline that overlapped with both electrodes. Two pieces of PTFE tape (RS Crum &
Company) were placed flat and perpendicular to the electrodes at the boarder of the hydrophobic
boundary. Then 10-20 pL of Janus particle cluster samples were pipetted onto the small space left
between the PTFE tape spacers and the Au electrodes, and a coverslip was placed over the spacers.
Then the entire chamber was placed on a Zeiss AxioVert A1 TL/RL inverted fluorescence
microscope equipped with a Axiocam 305 mono camera (Zeiss, Germany). An Agilent 33210A
waveform generator (Agilent) was attached to a Tegam 2340 high voltage amplifier (Tegam), and
electrical leads from the amplifier were attached to the Cu tape on the propulsion chamber. A 4
kHz square wave signal was generated, amplified, and applied to the propulsion chamber, forming
an electric field with magnitudes of ~750 V cm!. Resultant cluster motion was observed and
recorded using the microscope camera, typically in fluorescence mode, using a 120 W mercury
lamp (Excelitas) and a 545/25 nm excitation filter and a 605/70 nm emission filter or a 470/40 nm

excitation filter and a 525/50 nm emission filter (Zeiss).
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A.5.5 Video processing

Videos of clusters undergoing ICEP captured during experiments were analyzed using
ImagelJ software.?** Videos were exported as AVI files while maintaining the native micron/pixel
ratio and relative time information. All color correction, cropping, and time-lapse image overlay
generation was completed using standard ImagelJ functions. To track particles and extract position

information, the “analyze particles” feature was used.
s y

A.5.6 Janus assembly propulsion modeling
To model the presented Janus assemblies, we used a rigid beads model driven by an

effective force on the particle.?’

The rigid beads model is able to capture hydrodynamic
interactions in multiparticle assemblies comprising two or more particles. In this model, the
effective force acting on each individual particle has not been mechanistically derived. A detailed
derivation can be found elsewhere in literature.?26-23-236

As stated previously in ICEP literature,33-233236 the inward electroosmotic flow around the
particle is enhanced on the side of the more polarizable surface. Our model qualitatively captures
this effect by considering an outward, constant force directed symmetrically through the centroid
of the metallic patch of each individual spherical particle in the assembly. The magnitude of the
force is estimated from scaling estimates from the results of Squires and Bazant.?*® For spherical
Janus particles with hemispherical caps, the translation velocity is U,cgzp ~ 3R€E?/32n.
Assuming that only the hydrodynamic drag and the force due to the induced charge asymmetry
are acting on the body. Hence, the effective force on the sphere is Fjcpp = 18mR%€E?/32.

Utilizing U;cgp and Ficgp to scale the velocity and force in our calculations, we consider a non-

dimensional force of magnitude one acting through the centroid of the patch.
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Additional information on obtaining the particle velocity and trajectory for a general

dimeric configuration is available in the Supplementary Materials.
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A.8 Supplementary Materials
A.8.7 Coplanar electrode propulsion chamber.

The propulsion chamber utilized in this study is shown in Fig. A.5. To operate the chamber,
a sample of particle clusters was placed between the two gold electrodes within a drawn
hydrophobic boundary and two PTFE tape spacers. After placing a coverslip on top of the PTFE
spacers, the particle sample spread to the boarders of the hydrophobic boundary. An electric field
was generated by applying an AC square wave from a function generator attached to the device by

leads and copper tape.
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Figure A.5. Image of the coplanar electrode propulsion chamber used to apply the AC

electric field to particle samples.
A.8.8 Alignment of Janus clusters and assembly of Janus particles upon applying the AC
electric field.

As shown in Fig. A.1C-E of the main text, non-magnetic Janus particle clusters can cluster
and be aligned by the applied field due to DEP, resulting in arrested motion. Notably, this

phenomenon can also occur, though infrequently, for magnetic Janus particle clusters (Fig. A.6).
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Figure A.6. Fluorescent microscope images of magnetic Janus particles of staggered chains
exhibiting no motion in an AC electric field. A. Images showing the alignment of a pre-assemble
magnetic Janus particle dimer upon the application of the electric field. B. Superimposed
microscope images showing a Janus particle dimer in (A) with no motion in an electric field. C.
Images showing the assembly of Janus particles into a staggered chain upon the application of the
electric field. D. Superimposed microscope images showing a Janus particle dimer in (C) with no
motion in an electric field. E. Images showing the assembly of a Janus particle and a Janus dimer
into a staggered chain upon the application of the electric field. F. Superimposed microscope
images showing a Janus trimer in (E) with no motion in an electric field.

A.8.9 Inhibited motion of a Janus particle dimer.

Among the regimes of motions found in the presented system, several clusters resulted in

inhibited (nil) motion (Fig. A.7).
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Figure A.7. Janus particle cluster exhibiting no motion in an AC electric field. A. Fluorescent
microscope image of two Janus particles facing each other in a dimeric cluster. B. Superimposed
fluorescent microscope images showing a Janus particle dimer in (A) with no motion in an AC
electric field. The slight motion of the dimer is attributed to bulk fluid flow in the propulsion
chamber. C. Schematic illustration of the configuration of the dimer showing no motion and the
extracted approximate vectors using a rigid bead model showing no motion.
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A.8.10 Theoretical framework.

To gain a mechanistic understanding of the experimentally realized particle motion, we
examined the motion of dimers using a mobility formulation. The dimer configurations were seen
to depend on two geometric parameters: (i) the position of the point-of-contact between the two

spheres; and (ii) the relative positions of the metallic patches on the particles (Fig. A.8).

\
Py (x,y,2)

- Pz(x:}"z)

Figure A.8. Schematic illustration of the geometry of a general dimer configuration. The
point-of-contact between the particles is the origin of the local coordinate system. The position
vectors of the centers of the two spherical particles are ry and r,, respectively. The metallic
patches are specified using 3D planar functions p; (x,y, z) and p,(x,y, z) such that the metallic
surfaces are always in contact with each other.

The configurations of particles within the dimers are obtained by different combinations of
Ty, T2, pP1(x,¥,2), p2(x,y,2), described in Fig. A.7 and the corresponding caption. The
hydrodynamic properties of these rigid dimer configurations are obtained by implementation of
the Generalized Rotne-Prager-Yamakawa method on these dimeric systems.?3* The length scale of
these dimers is small, and it is appropriate to describe the flow around these particles using Stokes

and continuity equations,
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nV2v —Vp =0, (A1)
and

V-v=0, (A.2)
where v is the fluid velocity, p is the pressure, and 7 is the fluid viscosity. The force and velocity

moments on the dimer can be represented in terms of their velocity moments due to the linearity

of Egs. (A.1) and (A2)

T

The force F = [F4 F,] and torque T = [T T,] are 6-dimensional vectors, where Fq, Tq, F5, T,
are the force and torque on each of the two particles, respectively. The direction of F; and F,
depends on both the position vectors r;and r, and the orientation of the patches p;and p,. There

are no external torques acting on the particle, T; = T, = 0. The translation and rotation velocities,

tt tr
U and Q, are similarly written. An inversion in Eq. [ﬂ= — [g” g"] [g]

( A.3) gives us the mobility expression,
U _ Mtt ’utr] F
[Q] - [#rt 'urr [T]' (A4 )
by which U and Q are obtained for a given F and T. In the absence of a magnetic field, when the
particle is being propelled by an AC electric field, the dimers rotate as a rigid body. This allows
us to rewrite the grand mobility expression in Eq. (A4 ) toa

mobility expression where the force, torque, and velocities are defined with respect to the center

of mass of the particle,
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o = el [ (45)

The force and torque acting on the particle center of mass are obtained by addition of the individual

F; and T; acting on the i‘" particle, F, = Y;F; and T, = Y;(T; + r; X F;). The detailed

derivation of the mobility coefficients is given by a generalized version of the Roten-Prager-
Yamakawa mobility expression and can be found in Wajnryb et al. [4].2372* Equation

( A.5) conveniently provides U, and Q. for specific F. and T, through the

mobility matrix m, which depends on the geometric configuration of the dimer. In the next sub-

section, we provide a short outline of particle kinematics.

Particle kinematics

We consider that the driving force on the dimer is constant at a body frame of reference
(ex, ey, e,). Consequently, the rotation and translation velocity, U, and L., are also in this body
frame. To obtain the laboratory frame motion of the particle, the body frame unit vectors are

evolved with time according to

dei i
Pk Q. xXe;, i=x9,2
dR.
prai U, (A6)

where the unit vectors e;, and the center-of-mass position are expressed in the laboratory reference
frame. The expressions in Equation ( A.6) can be written as a
linear system of equations to obtain the body frame of reference and center of mass position with

time
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del'

e;(t+dt) =e;(t)+ ot

dt
e,(t +dt) e,
e, (t+dt)[=R|ey|. (A7)
e, (t + dt) e,

This resulting rotation matrix, R, allows for the center-of-mass position to be rotated and translated
to follow a path of motion within the body frame of reference. The respective particle and patch
positions are further updated using the rotation matrix to adjust their position within the same
reference frame.

A.8.11 Extended characterization of trochoidal and helical motions of Janus dimers in an AC
electric field.

To further examine the trochoidal and helical motions shown in Fig. A.3B and C of the
main text and evaluated spatially in Fig. A.3E and F, we evaluated the trochoidal and helical cluster
movement using time as a third dimension (Fig. A.9 and A.10). The oscillating behaviors in the

X-direction of each trajectory over time are signatures of trochoidal and helical motions.
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Figure A.9. Characterization of trochoidal motion of Janus dimer in an AC electric field. A.
Superimposed fluorescent image of a Janus dimer self-propelling within trochoidal motion in an
AC electric field. B-C. Displacement of a Janus dimer with trochoidal motion in X- and Y-
directions over time.
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Figure A.10. Characterization of helical motion of Janus dimer in an AC electric field.
Superimposed fluorescent image of a Janus dimer self-propelling within helical motion in an AC
electric field. B-C. Displacement of a Janus dimer with helical motion in X- and Y- directions over

time.

A.8.12 Additional patchy particle fabrication details.

Patchy particles were fabricated by glancing angle deposition of Cr, Co, and Au during

electron-beam evaporation (Fig. A.11).
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Metal vapors

Figure A.11. Fabrication of patchy particles. A. Fluorescent microscope image showing
polystyrene (PS) spheres in a submonolayer (diameter = 5.1 pm) assembled using a convective
assembly method. B. Schematic illustration of glancing angle deposition of metal onto PS spheres.
¢ = angle of incident vapor beam, @ = monolayer orientation angle. C. Bright-field microscope
image showing a closed-pack monolayer of PS spheres assembled by Langmuir-Blodgett
deposition. D. Fluorescent microscope image showing PS spheres with triangular patches on their
surfaces (¢ = 10°).
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Appendix B: Supplementary Materials for Chapter 2

B.1 Supplementary Figures

Figure B.1. Representative brightfield image of a submonolayer of PS particles on a glass
slide after deposition via the modified convective assembly method.
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Figure B.2. Unmodified scanning electron microscopy image of Janus particles. Au patches
exhibit a rough appearance with light gray color on the dark PS surface. The image was taken

using a Hitachi SU3500 SEM in a secondary electron imaging mode at an acceleration voltage of
15 kV.
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Figure B.3. Representative fluorescence image of Janus particles in MQW. Light and dark
regions of the particles are PS and gold, respectively. Due to the density of the gold patch, particles
typically settle with the gold hemisphere facing downward (i.e., toward the microscope objectives)
in the absence of an applied field. Insert shows an enhanced detail of particles with the two distinct
hemispheres clearly visible.
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Appendix C: Supplementary Materials for Chapter 3
C.1 Additional Methods, Results, and Discussion.
C.1.1 Additional ICEP tracking data

The complete particle tracks and total displacements of the six Janus particle types studied

in the manuscript are shown in Figures C.1 and C.2, respectively.
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Figure C.1. Combined particle tracks of tracked Janus particles over 60 sec. Particle types
include: (a) JP (b) JP-PEG (c) JP-BPT (d) JP-BPT-SA (e) ICEM (d) ICEM-SA.
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Figure C.2. Total displacement and average total displacement of tracked Janus particles
over 60 sec. Particle types include: (a) JP (b) JP-PEG (c) JP-BPT (d) JP-BPT-SA (e) ICEM (d)
ICEM-SA.

C.1.2 Si-PEG probe particle functionalization characterization

To confirm functionalization of silica (Si) probe particles with polyethylene glycol (PEG),

we prepared Si-PEG and Si probe particles as described in the main text. We additionally produced

Si-biotin PEG particles by modifying the surfaces of Si particles with 1 kDa biotin-PEG-silane

(Laysan Bio) using the same methods followed for modification of Si particles with PEG. We then

incubated the Si, Si-PEG, and Si-biotin PEG probe particles with Alexa Fluor 594-conjugated
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streptavidin (SA). As the Si-biotin PEG particles can specifically capture SA due to the presence
of biotin molecules, these particles were included as a positive control. We measured the
fluorescence intensity of these three particle types, as well as Si particles not incubated with SA
(negative control), using flow cytometry (BDFACS Celesta). We noted that Si particles incubated
with the fluorescent SA exhibited high fluorescence near that of the positive control particles,
indicating significant nonspecific adsorption of SA to the bare Si surface (Fig. C.3). However, Si
particles modified with PEG exhibited a fluorescence intensity distribution approximately 2 orders
of magnitude less than that of the unmodified Si particles incubated with SA. As PEG brushes are
known to decrease the extent of nonspecific adsorption of proteins to modified surfaces, this result

indirectly confirms the presence of surface-bound PEG on the surface of Si-PEG probe particles.
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Figure C.3. Representative fluorescence intensity histograms of modified Si probe particles.
Fluorescence intensity distributions of Si probe particles (negative control), Si-PEG probe particles
incubated with fluorescent SA, Si probe particles incubated with fluorescent SA, and Si-biotin-
PEG particles incubated with fluorescent SA (positive control).
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C.1.3 DEP trapping and recording
The setup described in the “DEP trapping and recording” section of the manuscript was
designed in Autodesk Fusion and 3D printed with a Original Prusa i3 MK3S+ 3D printer (Fig.

C.4). This 3D printed holder reduces movement of the electrode chamber during video recordings.

Microscope : Interdigitated electrode |
stage chamber i

Leads to function 3D printed il:lterdigitated
generator electrode chamber holder

Figure C.4.IDE trapping chamber setup. IDE device prepped with silicone trapping chamber
fastened to a custom 3D printed device holder and fixed to the microscope stage. Soldered wires
were connected to leads attached to a function generator.

C.1.4 Complete data for f ¢y fitting

The entirety of the f.), values obtained by DPM and used to generate fits in Fig. 3.5b of

the manuscript are displayed in Fig. C.5.
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Figure C.5. f.y experimental and fit results. f.), experimental data points for all five probe
particle types analyzed in the study, in addition to the f fits detailed in Fig. 3.5b of the
manuscript. N = 2-12, error bars indicate STE.
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C.1.5 Experimental ICEP speed results

Silica-based Janus particles were modified and propelled by ICEP in a 4 kHz, 750 V ¢m'!
electric field and the average speed of at least 30 particles and standard error (STE) for each
condition are reported in Table C.1. Particle speed was determined by simple linear regression of

all particle displacement over time to extract the slope.

Table C.1. Experimental ICEP results.

Average Particle Speed (Um/s) STE
JP 3.12 0.0098
JP-BPT 3.96 0.0114
JP-PEG 3.87 0.0134
JP-BPT-SA 3.69 0.0118
ICEM 4.64 0.0168
ICEM+SA 3.91 0.0136
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C.1.6 Supplementary equations for DPM analysis.
Equations that were not included in the main text but are essential for DPM analysis can
be found in Table C.2. The equations and additional theory can be found in the corresponding

references found in the manuscript.

Table C.2. Relevant equations for DPM analysis.

Mechanical
. 64”5"1“(5_7;) @ h( AKT )t nh (%577)
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C.1.7 f ¢y results for each probe particle type

The first step in DPM is to assess the frequency dependent response of the studied particle

through determination of the f.j;. Analysis of the DEP equilibrium motion of each probe particle

type yielded experimentally determined f), values at each frequency studied within the range of

200 kHz — 5.5 MHz. Comprehensive results for the frequency-dependent f, and standard error

of each probe particle are included in Table C.3, and corresponding values are also plotted in

Figure C.5.

Table C.3. Experimentally determined f .y values and STE.

Si Si-PEG Si-Au Si-Au-BPT Si-Au-BPT-SA

Frequency (kHz) feu STE feu STE feu STE feu STE feum STE
200 -0.26 | 0.028 | -0.41 | 0.013 | -0.10 | 0.013 | 0.05 | 0.006 0.06 | 0.002
315 -0.39 | 0.020 | -0.38 | 0.021 | -0.09 | 0.010 | -0.09 | 0.010 | -0.10 | 0.015
400 -041 | 0.029 | -045 | 0.030 | -0.13 | 0.023 | -0.35 | 0.023 | -0.23 | 0.027
630 -042 | 0.013 | -0.44 | 0.013 | -0.12 | 0.018 | -0.24 | 0.035 | -0.39 | 0.061
795 -0.40 | 0.023 | -0.44 | 0.014 | -0.16 | 0.024 | -0.29 | 0.033 | -0.35 | 0.054
1000 -0.40 | 0.041 | -0.39 | 0.092 | -0.17 | 0.031 | -0.32 | 0.014 | -0.48 | 0.005
1500 -0.39 | 0.014 | -0.43 | 0.021 | -0.17 | 0.030 | -0.38 | 0.039 | -0.39 | 0.066
2500 -0.47 | 0.005 | -042 | 0.017 | -0.13 | 0.022 | -0.37 | 0.031 | -0.31 | 0.045
4000 -0.44 | 0.021 | -0.37 | 0.049 | -0.35 | 0.037 | -0.35 | 0.032 | -0.41 | 0.021
5500 -042 | 0.090 | -0.41 | 0.024 | -0.15 | 0.026 | -0.34 | 0.040 | -0.35 | 0.020
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C.1.8 Results from assessment of ICEO flows in selected model system

As described in the main text, we predicted changes to ICEO flows associated with ICEP
of Janus particles due to surface modifications using individual permittivity contributions
determined from DPM. Using DPM results and the model discussed in the manuscript, the ICEO
flows on each Janus particle hemisphere, as well as the resultant speed, were calculated for each

Janus particle and results are included in Table C.4.

Table C.4. Predicted Janus particle speeds from theoretical model.

1
A+K) @1+K,) UEms
IP 0.9927 _ 0.0124 _ 0.9803
JP-BPT 0.9060  0.0124  0.8936
JP-PEG 0.9927 00124  0.9803
ICEM 0.9060 00124  0.8937
ICEM+SA | 08645 00124 08521

C.1.9 Comparison of experimentally measured ICEP speed and theoretically predicted speed
Results corresponding to Fig. 3.6 of the main text are included in Table C.5 and Table C.6.
Experimental and theoretical changes of ICEP due to the addition of polymers were evaluated by
comparison of JP-BPT and JP-PEG speed relative to unmodified JP speed (Table C.5).
Experimental and theoretical changes of ICEP speed due to capture of protein were evaluated by

comparison of ICEM-SA speed relative to ICEM speed (Table C.6).
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Table C.5. Experimental and theoretical ICEP speed of Janus particles modified by polymers

relative to unmodified Janus particles.

Average Normalized Particle Speed (um/s) Ui/Uyp
JP 1.00 1.00
JP-BPT 1.27 091
JP-PEG 1.24 1.00

Table C.6. Experimental and theoretical ICEP speed of Janus particles with captured SA

relative to control ICEMs.

Average Normalized Particle Speed (um/s) Ui/Uicem
ICEM 1.00 1.00
ICEM+SA 0.84 0.95
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Appendix D: Supplementary Materials for Chapter 4

D.1 Additional Methods, Results, and Discussion.

D. 1.1 Optimization of the acoustic waveform.

Before use in experiments, frequency sweeps from 730-770 kHz were conducted on
individual trapping channels to determine the proper operating frequency, which was estimated
based on the extent of heating and the magnitude of the voltage across the transducer at a given
frequency, with minimal heating and maximum voltage being targeted. Transducers were also
assessed for heating during operation at 5—40 Vp,, and 30 V,, was selected as the standard applied
voltage as transducer temperatures did not exceed 37°C with continuous operation (i.e., >10 min)

at this voltage.

D.1.2 NACPs of reduced polydispersity for fNACP-based assays.

As described in the main text, a low polydispersity fraction of NACPs was isolated from
the polydisperse bulk of NACPs produced by homogenization. The reasoning for this was twofold:
first, polydisperse NACPs, such as those filtered without vortexing to remove NACPs larger than
~50 um, appear as a large population on forward scatter (FSC) versus side scatter (SSC) flow
cytometry plots (Fig. D.1A). This population overlaps with the typical location of blood
components on the same plot, preventing the ability to differentiate NACPs from blood
components based on FSC and SSC alone, as can be done with the NACPs that were vortexed
while filtering to reduce retention of NACPs smaller than the filter size (Fig. D.1B). Second, due

to the wide distribution of particle sizes in the NACPs filtered without agitation, the fluorescence
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intensity distribution of the NACP population is sufficiently broad to reduce confidence for anti-

OVA detection assays (Fig. D.1C). After filtration with vortexing, the fluorescence intensity

distribution of the NACPs is significantly narrower (Fig. D.1D).
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Figure D.1. Flow cytometry of unfiltered and filtered NACPs. (A) Representative FSC vs.
SSC plot of NACPs that were filtered without vortexing. (B) Representative FSC vs. SSC plot of
NACPs filtered as described in the main text and mixed with whole blood. (C) Anti-IgG
fluorescence intensity of the NACPs from (A) not incubated with fluorescent anti-IgG. (D) Anti-
IgG fluorescence intensity of the filtered NACPs from (B) not incubated with fluorescent anti-IgG.
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D. 1.3 Flow cytometry gating for NACP trapping evaluation.

During analysis of separated waste and purified samples, as described in the text, blood
components and NACPs were gated based on FSC and SSC (Fig. D.2A,D). Within the blood
component gate, WBCs were readily identified based on a comparison of two fluorescence
channels, 450 nm emission with a bandwidth of +40 nm and 535 nm emission with a bandwidth
of £50 nm, both with excitation by a 405 nm laser (Fig. D.2B). By gating in this manner, NACPs

and WBCs could be isolated from RBCs and other debris (Fig. D.2C).
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Figure D.2. Representative plots of flow cytometry gating for NACP trapping evaluation.
(A) Representative FSC vs. SSC plot of a raw data from a purified sample from trapping
experiments with gates showing the NACPs and the blood components. (B) Representative plot
showing the gating of WBCs in the purified sample stained by NucBlue. (C) Representative FSC
vs. SSC plot of NACPs and WBCs gated in (A) and (B), including calculated NACP retention and
sample purity. (D) Representative FSC vs. SSC plot of the waste from trapping experiments with
gates showing the NACPs and the blood components. Measurements in (D) are used to calculate
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D. 1.4 Extended manual trapping operation data.
Individual results for NACP retention and sample purity from the manual trapping study,
shown in cumulative form in Fig. 4.3G of the main text, are shown in Fig. D.3. NACP retention

and sample purity did not differ significantly between any of the operators.
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Manual Operators

Figure D.3. Individual operator results from manual trapping study. Data is presented as
mean + standard deviation, N = 5 (A-D) or 4 (E). Dotted line shows 95% target NACP retention
and sample purity.
D.1.5 Flow cytometry gating for fNACP-based assay.

Control NACPs and capture fNACPs were gated by FSC and SSC (Fig. D.4A). Within this
population, control NACPs were differentiated by increased fluorescence from FSA that was
exclusively used on control NACPs (Fig. D.4B). Both populations were also analyzed for anti-IgG

fluorescence, with the median anti-IgG fluorescence intensity of the fNACP population being

correlated to anti-OV A concentration (Fig. D.4C).
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Figure D.4. Representative plots of flow cytometry gating for fNACP-based assay. (A)
Representative FSC vs. SSC plot of a purified sample from the acoustic pipette with gates showing
the NACPs and blood components. (B) Representative plot of FSA fluorescence intensity of the
gated control NACPs and capture fNACPs from (A). (C) Representative plot of anti-IgG
fluorescence on the capture fNACPs identified from (B).

D.1.6 fNACP-based detection specificity.

To assess INACP specificity, we incubated the fNACPs in buffer with no anti-OVA or 0.1
nM anti-OVA for 30 min, followed by incubation with fluorescent anti-IgG for 30 min. We found
that the median anti-IgG fluorescence of control fNACPs and fNACPs incubated with only
fluorescent anti-IgG were not statistically different, while the fNACPs incubated with fluorescent
anti-IgG after anti-OVA showed dramatically increased fluorescence (Fig. D.5). These results
provided two key insights: first, labeling of fNACPs by the secondary antibody is specific, and
thus, the system has a high signal-to-noise ratio, which is crucial for achieving high sensitivity
assays. Second, because nonspecific adsorption of the secondary antibody was negligible for the
group lacking anti-OVA, the results provide further evidence that fNACPs are resistant to

nonspecific adsorption.

211



24
22 *
X
1.8 e
1.6
14

1.2

1
0'8 . Iﬂ
o I T°T T

Control 0nM 0.1 nM
anti-OVA anti-OVA

Normalized anti-IlgG fluorescence

Figure D.5. fNACP detection specificity. {NACP fluorescence intensity of blank fNACPs,
fNACPs incubated with only fluorescent anti-IgG, and fNACPs incubated with fluorescent anti-
IgG after incubation with 0.1 nM anti-OVA. Data is presented as mean MFI + standard deviation.
N =3, *P<0.05. Significance between conditions was evaluated using a one-tailed Student’s t-test.

D.1.7 Additional pipette details.
The printed and assembled acoustic pipette, shown predominantly in schematic form in

Fig. 4.6 of the main text, are shown in Fig. D.6.
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Figure D.6. Additional acoustic pipette overview. (A) Image of acoustic pipette. Inset image
shows mechanism for movement and locking of trapping tip, as well as internal needles used to
access the trapping channel. (B) Image and details of the main pipette body. (C) Image and details
of the trapping tip.

To enable others to reproduce and utilize the acoustic pipette design, we have included
stereolithography (STL) files for each of the 3D printed components of the acoustic pipette (Fig.
D.7). Using these files, readers may print necessary components using personal 3D printers.
Notably, due to differences in printer performance, material, and plating approaches, some minor

post-printing modifications may be necessary to enable proper pipette function.

213



Included STL files for
3D printing of acoustic pipette

Upper main body «++++++-

Lower main body
; Needle guide

........ Trapping tip bottom

................. Trapping tip top

Figure D.7. Acoustic pipette STL files included for 3D printing. 3D renders of STL files for
printing of main pipette components.

D. 1.8 Additional pipette assembly.

Necessary materials, both 3D printed and non-printed, for assembly of the acoustic pipette
are detailed in Fig. D.8. In addition to the listed components of the pipette (Fig. D.8A), assembly
requires cyanoacrylate glue, solder, a soldering iron, and wire cutters. To assemble the main body,
the upper main body and lower main body are fit together by a pressure fit (Fig. D.8B and C). If
needed, cyanoacrylate glue can be added to the interface between the two parts to ensure a strong
bond. After attaching needles to the 3 mL and 1 mL syringes, the syringes can be inserted into the
main body. The cap is then placed over the main body; if needed, a small rod can be inserted
through the hold in the cap and upper main body to ensure the cap remains in place. To assemble
the trapping channel, a wire should be soldered to each side of the piezoelectric transducer, both
slightly off center to allow space for the capillary (Fig. D.8D). Then, the glass capillary should be

glued to the transducer using a thin layer of cyanoacrylate glue. The capillary should lay flat
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against the transducer. The silicone tubing can then be attached to each end of the capillary. If
needed, the connection can be sealed with cyanoacrylate glue and parafilm. The silicone tube on
the side of the transducer with wires can be connected to a barbed luer lock, into which the rubber
septum and needle guide can be inserted. The other silicone tubing can be attached to a barbed
tubing connector. With that, the trapping channel components can be placed in the trapping tip
bottom, with the wires being routed through the holes to the connection points (Fig. D.8E). Finally,
the trapping tip top can be pressure fit to the trapping tip bottom to contain the trapping channel

components (Fig. D.SF).
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A Materials (Printed)
1x cap

1x upper main body
1x lower main body

2x 1mL syringe

1x 3mL syringe

3x 25G needle

1x trapping tip top

1x trapping tip bottom
1x needle guide

1x rubber septum

1x barbed luer lock
~40mm silicone tubing
~80mm 24AWG wire

1x 750 kHz transducer
1x square glass capillary
1x barbed tubing connector

D Trapping tip components

1 trapping 1 trapping
tip top tip bottom == 1 rubber septum
1 barbed
T luer lock h—

B Main body components

a

1 3mL syringe

|
2 1mL syringes

1 cap l

I
J

|
|

' 1 needle guide

1 silicone tube

(~15mm)

2 24AWG
wires
(~40 mm)

1750 kHz
transducer

1 square glass
capillary:

50mm (L) x Tmm
(IW) x Tmm (IH)

1 silicone tube

(~22mm)

1 barbed tubing

connector

3 25G needles

1 upper main body

Trapping channel assembled

in trapping tip bottom

1 lower main body

C Assembled
main body

F Assembled
trapping tip

Figure D.8. Materials for acoustic pipette assembly. (A) List of pipette components needed for
acoustic pipette assembly, with 3D printed components denoted in bold text. (B) Render of
disassembled main body components. (C) Render of assembled main pipette body. (D) Render of
disassembled trapping tip components. (E) Render of assembled trapping channel in trapping tip
bottom. (F) Render of assembled trapping tip.
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D.1.9 Main fluorimeter housing fabrication and assembly.

The fluorimeter structural housing consisted of five 3D-printed structural components and
multiple commercially available components (Fig. D.9). The five 3D-printed structural
components (STLs available in Supplementary Materials) include the main fluorimeter housing,
the pipette docking cap, a SP filter holder, a LP filter holder, and a photodiode holder. These
components are modified versions of the commercially available Thorlabs CVH100/M (cuvette
holder with fiber adapter assembly), CVH100-CV (light-tight cover for cuvette holder), CVH100-
FH (mounted filter holder), CP35 M (30 mm Cage Plate with @1" Double Bore M4 Tap), and
CP33 M (SM1-Threaded 30 mm Cage Plate 0.35" Thick 2 Retaining Rings M4 Tap), respectively.
All five structural components were designed using Fusion 360 and printed on a Bambu P1S
printer with matte black PLA and a 0.2 mm layer height. The main fluorimeter housing
(Fluorimeter main housing.STL) provided structural support for holding the 100 uL cuvette
(Thorlabs, CV10QI1FE), pipette docking cap, filters, photodiode, and fiber adapter lens assemblies.
One-inch ports with 30 mm rectangularly patterned M2 compatible holes were located on all four
sides of the housing, which accepted the LP filter holder and photodiode holder cage plates
(Fluorimeter LP holder.STL and Fluorimeter photodiode holder.STL respectively). A Thorlabs
SMAO90S5 threaded fiber adapter with 20 mm focal length lens press fit into the front of the housing.
Light was provided through a compatible SMA fiber optic cable. The SP filter holder (Fluorimeter
SP holder.STL) housed a Thorlabs FESH0600 600 nm SP filter directly in front of the fiber adapter
lens. The filter was held in the mount with an M3 4.0 mm setscrew inserted at a 45-degree angle
from the mount side. The sample cuvette was lowered onto the cuvette pedestal inside the main
housing through a square access port in the top of the housing. Once in place, the pipette docking

cap (Fluorimeter pipette docking cap.STL) was pressed onto the top of the housing. An Edmund
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#15-457 590 nm 1-inch LP filter was placed into the LP filter holder and locked with an M4 4 mm
set screw. A Thorlabs SM1PDI1B large area mounted silicon photodiode with 350-1100 nm
sensitivity and a grounded anode self-tapped into the photodiode holder. Electrical connectivity to
the photodiode amplifier was achieved with a compatible BNC coaxial cable. Ninety degrees
relative to the fiber adapter lens, Thorlabs ER1-P4 cage assembly rods were screwed into the main
housing using the cage plates for alignment. The cage plates were ordered such that the filter
assembly mates to the housing and the photodiode mates to the filter assembly. The cage plates
were pressed firmly towards the main housing to block external light and fixed in place on the
cage assembly rods with four M4 4 mm set screws per cage plate. A light seal was created by
snapping Thorlabs SM1CP2 externally threaded end caps into side ports opposite the photodiode

and fiber adapter ports.
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Bold text: STL files of
fluorimeter components
included for 3D printing

------- Cuvette cover/
pipette docking cap

................ SP filter holder
Cuvette

Main fluorimeter E, RS B SP filter

housing :
9 LE filter

Fiber adapter
assembly

Main housing end cap

: Photodiode assembly
LP filter holder

Photodiode holder

Figure D.9. Exploded view of the main fluorimeter housing and associated components. STL
files of all items shown in bold text (the main fluorimeter housing, the pipette docking cap, the SP
filter holder, the LP filter holder, and photodiode holder) are available as Supplementary Materials.

D.1.10 Additional fluorimeter cuvette housing details.

The cuvette housing accepts one cuvette per experiment. The cuvette used in this work was
a 100 uL synthetic quartz cuvette with four polished sides. The sample sat in the bottom of the
rectangular channel of the cuvette. Light entered the cuvette housing through the threaded fiber
adapter and was focused by the integrated lens before passing through the 600 nm SP filter. This

filter removed band light below 610 nm, preventing the majority of the source light from reaching
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the photodiode, which would otherwise result in an elevated baseline photocurrent. Filtered light
passed through the channel illuminating the sample. The bottom of the cuvette sat 4.0 mm off the
housing floor on a pedestal to align the sample channel with the center of the incoming light source,
providing maximum illumination of the sample. Light that passed through the cuvette channel
terminated on the housing cap opposite to the fiber adapter. To reduce baseline photocurrent, it
was important to use non-reflective materials for the end caps to maximize incident light
absorption. Light striking the sample causes the fluorophore on fNACP samples to fluoresce,
emitting photons with max emission at ~617 nm in all directions. Photons emitted at a right angle
to the incoming light first passed through a 590 nm LP filter before striking the silicon photodiode
mounted to the housing wall. The LP filter passed light above 610 nm, further attenuating light
within the housing that was not generated from the fluorophore while passing the photons from
sample fluorescence to the photodiode detector. The large area of the silicon photodiode provided
a large target for integrating many photons, which helped to compensate for the moderate
photodiode responsivity of ~.35 A/W at 617 nm. Other photodiode technologies like avalanche
photodiodes could be used to significantly increase the detector sensitivity, allowing for a lower

minimum threshold of detection and reduced demand on the photodiode amplifier performance.

D.1.11 LED and driver.

The fluorometer light source was generated by a Thorlabs M565F3 565 nm with 105 nm
BW fiber coupled LED, which can be driven with a maximum of 700 mA at a typical forward
voltage drop of 2.9 V. Typical emitted light power is 13.5 mW for 1995 mW of electrical power
when used with a 400 um diameter multimode fiber. A threaded optical SMA connector mounted

on the LED housing allowed for the mating of an SMA multimode fiber optic cable for light
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transmission to the main fluorimeter fiber adapter. For this system, a 1 m long and 400 um diameter
SMA-SMA multimode fiber patch cable (Thorlabs, M28L01) was used. The LED was driven with
a 1.2 A at 8.0 V (maximum) programmable constant current source (Thorlabs, UPLED) connected
by an included Thorlabs M8 x 1 compatible circular connector cable. The LED driver was powered
using a Thorlabs DS12 12V AC to DC power supply and connected to a software control GUI
(Thorlabs, upSERIES) via a standard data micro-USB cable. The GUI was used to enable and
disable power to the LED as well as set the LED drive current. During data collection, the LED
was powered for ~30 min at 700 mA to let the device stabilize thermally and optically before any

measurements were taken.

D.1.12 Photodiode amplifier and photodiode.

A Thorlabs SM1PDIB large area mounted silicon photodiode with a grounded anode
served as the fluorimeter detector. The photodiode was capable of detecting 350—-1100 nm light
and had a peak responsivity of .725 A/W at 970 nm, a maximum dark current of 600 nA, and a
junction capacitance of 375 pF measured at 5.0 V. The photodiode had a male BNC connector to
electrically interface the diode anode to the cable shield and the cathode to the inner conductor. A
generic BNC to BNC cable was used to connect the photodiode to a benchtop photodiode amplifier
(Thorlabs, PDA200C). The photodiode amplifier had a full-scale current measurement range from
100 nA to 10 mA with a bandwidth of 1-500 kHz, respectively, with RMS noise of 0.02% of the
full-scale range. In all experiments, the amplifier was set to a 100 nA range, which corresponds to
a bandwidth of 1 KHz, a resolution of 10 pA, and an analog output conversion coefficient of 10%
V/A, limited between 0—10 V. Both the amplifier input connected to the photodiode and the output

connected to the data acquisition unit accepted a standard BNC connection. Before collecting data,
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the photodiode amplifier was left running for one hour to allow it to reach thermal equilibrium. To
reduce background signal before experiments, the LED was turned off, the current range was set
to 100 nA, and the offset calibration potentiometer was adjusted until a minimum signal output
from the photodiode amplifier was recorded on the attached oscilloscope (typically 1.6 mV

baseline).

D.1.13 Data acquisition and computer.

The analog voltage output of the photodiode amplifier was interfaced to a USB data
acquisition unit (Digilent, Analog Discovery 2) with a generic BNC to BNC coaxial cable. The
data acquisition unit was connected to a PC using a micro-USB cable. Control software (Digilent,
Waveforms) was used to set the scope horizontal and vertical axis to 5 sec/div and 20 mV/div,
respectively, with a sampling rate of 100 Hz. For each experiment, the photodiode amplifier
voltage was measured for ~50 seconds and the sampled data was recorded to a CSV file for post

processing.

D.1.14 5PL fit parameters and validation.

Fit parameters for the fits in Figs. 4.5B and 4.7B are found in Table D.1.

Table D.1. SPL fit parameter values.

Parameter Fig. 4.5B Fig. 4.7B
a 27.2056 59.733
d 79632 7536.4
c 580.6031 2404600
b 0.765 0.7353
g 0.177 649.9033
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After fitting the data in Figs. 4.5B and 4.7B, we validated the fits by calculating the average percent
relative error (%RE) of experimentally measured values relative to values predicted by the SPL

fits at each anti-OVA  concentration investigated. @ %RE is given  by:

%RE = 100% X (D.1)

where P is the predicted MFI and E is the experimentally measured MFI. All values of %RE fell

below 25%, and all but one point fell below 13%, suggesting an acceptable fit for both sets of data

(Fig. D.10).
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Figure D.10. %RE for 5PL fits. (A) %RE for 5PL fit in Fig. 4.5B of the main text. (B) %RE for
SPL fit in Fig. 4.7B of the main text.
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D.1.15 Raw data.

The following tables provide raw data used to create plots in the manuscript with N < 20.

Table D.2. Raw data for Fig. 4.3D.

Condition Retention Purity
Lysed 0.9467 0.9944
Lysed 0.9907 0.9829
Lysed 0.9973 0.9678
Lysed 0.9946 0.9535
Lysed 0.9983 0.9674

Unlysed 0.9934 0.9300
Unlysed 0.9976 0.9935
Unlysed 0.9948 0.9804
Unlysed 0.9919 0.9785
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Table D.3. Raw data for Fig. 4.3E, F, and G.

Flow rate
: Retention Purity
(mL/min)

0.5 0.9925 0.9643
0.5 0.9937 0.9757
0.5 1.0000 0.9873
0.5 0.9921 0.9735
0.5 1.0000 0.9938
1 0.9926 0.9655
1 0.9950 0.9759
1 1.0000 0.9090
1 1.0000 0.9779
1 1.0000 0.9881
1.5 1.0000 0.9954
1.5 0.9929 0.9772
1.5 1.0000 0.9878
1.5 0.9964 0.9930
1.5 0.9956 0.9993
2 0.9679 0.9979
2 1.0000 0.9956
2 0.9751 0.9959
2 1.0000 0.9880
2 0.9769 0.9918
3 0.9865 0.9964
3 1.0000 0.9953
3 0.9944 0.9966
3 0.9965 0.9954
3 0.9898 0.9924
5 0.9767 0.9963
5 0.9443 0.9975
5 0.9708 0.9976
5 0.9945 0.9949
5 0.9423 0.9982
6 0.9068 0.9740
6 0.9469 0.9538
6 0.8332 0.9798
6 0.8629 0.9734
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Table D.4. Raw data for Fig. 4.3G and D.3.

Operator Retention Purity
A 0.9025 0.9986
A 1.0000 0.9985
A 0.9800 0.9952
A 0.9799 0.9986
A 0.9451 0.9972
B 0.9903 0.9951
B 0.8441 0.9988
B 0.9985 0.9914
B 0.9976 0.9844
B 0.9818 0.9889
C 1.0000 0.9846
C 0.9906 0.9944
C 0.9923 0.9925
C 1.0000 0.9842
C 1.0000 0.9874
D 0.9973 0.9892
D 1.0000 0.9837
D 0.9890 0.9950
D 1.0000 0.9915
D 0.9976 0.9886
E 0.9975 0.9655
E 0.9526 0.9867
E 0.9850 0.9790
E 0.9974 0.9766

Table D.5. Raw data for Fig. 4.4D.

Condition NACP FSA
Without separation 17746
Without separation 17692
Without separation 17692
Without separation 18019
Without separation 17855

With separation 17057

With separation 18295

With separation 18129

With separation 18240

With separation 18520

226




Table D.6. Raw data for Fig. 4.5B.

Anti-OVA Control NACPs Median Anti- | Capture fNACPs Median Anti-
Concentration (nM) IgG Fluorescence (A.U.) IgG Fluorescence (A.U.)
10000 451 28892
10000 373 25891
10000 337 24735
1000 69 11238
1000 80 12771
1000 76 12053
100 42 3146
100 40 3283
100 52 3233
10 34 641
10 41 661
10 34 649
1 34 114
1 31 101
1 35 124
0.1 30 43
0.1 32 48
0.1 34 49
0.01 36 36
0.01 35 35
0.01 35 34
0.001 31 29
0.001 32 29
0.001 38 36
0.0001 38 35
0.0001 32 29
0.0001 29 27
0 33 32
0 32 29
0 31 28
31 28
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Table D.7. Raw data for Fig. 4.7B.

Anti-OVA Control NACPs Median Anti- | Capture fNACPs Median Anti-
Concentration (nM) IgG Fluorescence (A.U.) IgG Fluorescence (A.U.)
1000 258 7203
1000 305 6554
1000 254 6534
100 83 2612
100 101 2581
100 97 2669
10 97 474
10 101 529
10 94 549
1 80 130
1 121 164
1 100 154
0.1 95 80
0.1 84 70
0.1 82 75
0.01 89 67
0.01 78 61
0.01 80 59
0.001 110 77
0.001 103 57
0.001 94 54
0 258 67
0 300 66
0 256 68
0 176 62
0 224 64
0 236 67
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Table D.8. Raw data for Fig. 4.7F.

Anti-OVA Capture fNACPs Anti-
Concentration (nM) | IgG Fluorescence (A.U.)
1000 1.2215
1000 1.2320
1000 1.2270
100 1.0746
100 1.1171
100 1.0993
10 1.1088
10 1.0510
10 1.0267
0 1.0150
0 1.0332
0 0.9957

Table D.9. Raw data for Fig. D.5.

Capture fNACPs Median Anti-
Condition IgG Fluorescence (A.U.)

No Secondary 29.3

No Secondary 28.6

No Secondary 27.8

No Primary 31.8

No Primary 29.0

No Primary 28.0
Primary and Secondary 42.5
Primary and Secondary 48.2
Primary and Secondary 49.2
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Appendix E: Supplementary Materials for Chapter 5
E.1 Additional Methods, Results, and Discussion.

E.1.1 Additional device component details

The separator consists of 5 main printed parts: the upper siphon chamber array, a trapping
channel array holder, a left and right side, and an electrical port cover. Two 3D printed transducer
clips hold the transducer in place on the trapping channel array holder. The components were
designed to accommodate the trapping array and electrical ports and to be assembled by nuts and

screws (Fig. E.1).

Right side
Tubing guide o
Upper siphon :
chamber array o
o
Left side
o Transducer clip
H Trapping channel
Banana port 6 array holder
holder (half) :
: (]
Electrical
portcover ©O
6 [« TECEEEEH Lead through-hole

o

Léad through-hole

Figure E.l1. Exploded view of 3D printed multichannel acoustic pipette components. All
components were printed via MSLA printing.
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E.1.2 Additional device characterization details.

To analyze washing of blood from the device channels, we measured absorbance of fluids
collected after sequential washes, as described in the main text. To specifically measure presence
of blood, we conducted an absorbance scan of diluted porcine whole blood and identified
absorbance peaks specific to porcine blood. We selected 542 nm as the wavelength for subsequent

absorbance measurements (Fig. E.2).
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Figure E.2. Absorbance scan of blood and wash buffer. Absorbance of blood and wash buffer
over the range of 300-800 nm.

As described in the main text, washing of blue-dyed water from the device required 2 wash
cycles, as characterized by measurement of the absorbance of fluids collected after sequential
washing of the device (Fig. E.3). The absorbance of fluid collected after the 3™ wash was only
2.09 + 0.14% of the absorbance of the initial wash, whereas the absorbance of undyed water

controls was 1.45 + 0.04% of the absorbance of the initial wash.
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Figure E.3. Device washing characterization. Absorbance readings of samples collected after
washing blue-dyed water with undyed water.

E.1.3 Additional 5PL fitting data

The values of the parameters used to generate the SPL fits shown in Fig. 5.4 and 5.5 of the

main text are provided in Table E.1.

Table E.1. Values of parameters for all SPL fits presented in the main text.

Parameter Anti-OVA IgM IgA IgA in blood
152.67 148 96.4 69.9
177990.2948  384062.031 1079091.31 635791.961
0.17457423 0.00923409 0.00374808 0.00512338
69.50141509 0.0821905 0.096631 1.93524368
0.864236918  1.38773508 1.27691857 1.00398194
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