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ABSTRACT OF THE DISSERTATION

Microfluidic Platforms for Digitalized Biological Sample Processing

by

Yilian Wang
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2021

Professor Dino Di Carlo, Chair

Analysis of biomarkers, biomolecular indicators of medical conditions, is fundamental to the
diagnosis and the medicinal research of various diseases and other human physiological conditions.
These biomarkers are usually found in complex biological samples and almost always require
multi-step sample processing before the key information of the relevant biomarkers could be
extracted for analysis. The sample processing procedures are associated with the performance
metrics of the assay, such as the sensitivity and accuracy of the result, and therefore is critical to
the reliability of diagnosis result or the goal of the research missions. Furthermore, such sample
processing procedures often start with a limited volume available from subject and involve a series

of technical steps tailored towards the target biomarkers resulting in process complexity.
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The application of microfluidic platform technologies to biological sample processing and
corresponding assays demonstrated great potential in advancing biomarker analysis, both in
simplifying assay processes by means such as miniaturization, automation, and cost reduction; and

in improving assay performance on metrics such as sensitivity, assay time, throughput, etc.

This work explores microfluidic solutions to improving sample processing procedures, especially
by means of process automation; and enhancing the sensitivity metrics of assay performances,
targeting the analysis of single entities. The first two chapters covers the development of
digitalized affinity assays for single molecule detection, where we achieved counting of single
enzyme reactions using a novel lab-on-a-particle assay mechanism. We demonstrated digital
counting of B-galactosidase enzyme at a femtomolar detection limit with a dynamic range of 3
orders of magnitude using standard benchtop equipment and experiment techniques. The third
chapter presents an innovative ferrobot platform to address process automation for sample
processing. This electromagnetic platform is capable of performing massively parallelized and
sequential fluidic operations cross-collaboratively to complete pipelined bioassays with high
efficiency and flexibility. In the fourth and final chapter we established a multiferroic system
deployed for time-lapse single-cell functional profiling, featuring both single entity analysis

capacity and an automation potential.
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Introduction

Analysis of biomarkers, biomolecular indicators of medical conditions, is fundamental to the
diagnosis and the medicinal research of various diseases and other human physiological conditions.
These biomarkers are frequently found in complex biological samples and almost always require
multi-step sample processing before the key information on relevant biomarkers could be extracted
for analysis.! The sample processing procedures are directly associated with the performance
metrics of the assay, such as the sensitivity and accuracy of the result,>* and therefore is critical to
the reliability of diagnosis result or the goal of the research missions. Furthermore, such sample
processing procedures often start with a limited volume available from subject and involve a series

of technical steps tailored towards the target biomarkers resulting in process complexity.

Microfluidic technologies demonstrated great potential in advancing biomarker analysis, both in
simplifying assay processes by means such as miniaturization™®, automation’® and cost

13-15

reduction®!?; and in improving assay performance on metrics such as sensitivity'>!°, assay time'®

17_throughput!®2!, etc. This work explores microfluidic solutions to improving sample processing
procedures, especially by means of process automation; and enhancing the sensitivity metrics of

assay performances, targeting the analysis of single entities.

Digital bioassays, in contrast to conventional analogue bioassays that are commonly performed in

a single reactor, partition a reaction into a large number of microreactors, allowing a binary loading



of most compartments with 0 or 1 target molecule, reaching the ultimate sensitivity of single
molecuels?? and femtomolar to attomolar?>* limit of detection for protein biomarkers. While the
enrichment effect of the compartmentalization of the reaction solution is immediate and general
for all types of bioassays, digital bioassays are compatible with existing classical techniques
widely used in normal biological, chemical, or clinical laboratories. Specifically, digital enzyme
linked immunosorbent assays (ELISA) allow measurement of individual protein biomarkers,

leveraging sub-nanoliter compartmentalization and signal amplification.?’

However, these
technologies require tailored and often expensive microwell devices or microfluidic droplet
generators for compartmentalization, and custom optical analysis systems to characterize low
levels of fluorescence. The need for specialized and relatively costly equipment (e.g. Quanterix

Simoa system?¢) has impeded the adoption of digital ELISA technologies for biomarker discovery

or clinical diagnosis.

The first two chapters here covers the development of digitalized affinity assays for single
molecule detection, where we achieved counting of single enzyme reactions using a novel lab-on-
a-particle assay mechanism. Counting of numerous compartmentalized enzymatic reactions
underlies quantitative and high sensitivity immunodiagnostic assays. However, digital enzyme-
linked immunosorbent assays (ELISA) require specialized instruments which have slowed
adoption in research and clinical labs. We present a lab-on-a-particle solution to digital counting
of thousands of single enzymatic reactions. Hydrogel particles are used to bind enzymes and
template the formation of droplets that compartmentalize reactions with simple pipetting steps.
These hydrogel particles can be made at a high throughput, stored, and used during the assay to

create ~500,000 compartments within 2 minutes. These particles can also be dried and rehydrated



with sample, amplifying the sensitivity of the assay by driving affinity interactions on the hydrogel
surface. We demonstrate digital counting of B-galactosidase enzyme at a femtomolar detection
limit with a dynamic range of 3 orders of magnitude using standard benchtop equipment and
experiment techniques. This approach can faciliate the development of digital ELISAs with

reduced need for specialized microfluidic devices, instruments, or imaging systems.

Digital microfluidic platforms have demonstrated great advantages in biological assay
automation?’, facilitating versatile and multi-step bioanalytical operations suitable for various
applications such as point-of-care diagnosis. Previously demonstrated digital microfluidic
platforms have mostly relied on electrowetting-on-dielectric (EWOD) techniques. However,
EWOD approaches require complex device fabrication, high excitation voltage (~20-200 V), and
can suffer from electrode contamination and limited durability, which altogether restrict EWOD
from achieving the envisioned applications®. Alternatively, magnetic droplet actuation techniques
have been demonstrated using (1) motorized/manually-controlled magnets?’, which is not scalable,
or (2) electromagnetic (EM) induction®°, which inherently renders weak actuation forces, limiting

the ability to control small ferrofluid drops.

The third chapter presents an innovative ferrobot platform to address process automation for
sample processing. Automated technologies that can perform massively parallelized and
sequential fluidic operations at small length scales can resolve major bottlenecks encountered in
various fields, including medical diagnostics, -omics, drug development, and chemical/material

synthesis. Inspired by the transformational impact of automated guided vehicle systems on
3



manufacturing, warehousing, and distribution industries, we devised a ferrobotic system that uses
a network of individually addressable robots, each performing designated micro-/nanofluid
manipulation-based tasks in cooperation with other robots toward a shared objective. The
underlying robotic mechanism facilitating fluidic operations was realized by addressable
electromagnetic actuation of miniature mobile magnets that exert localized magnetic body forces
on aqueous droplets filled with biocompatible magnetic nanoparticles. The contactless and high-
strength nature of the actuation mechanism inherently renders it rapid (~10 centimeters/second),
repeatable (>10,000 cycles), and robust (>24 hours). The robustness and individual addressability
of ferrobots provide a foundation for the deployment of a network of ferrobots to carry out cross-
collaborative logistics efficiently. These traits, together with the reconfigurability of the system,
were exploited to devise and integrate passive/active advanced functional components (e.g.,
droplet dispensing, generation, filtering, and merging), enabling versatile system-level
functionalities. By applying this ferrobotic system within the framework of a microfluidic
architecture, the ferrobots were tasked to work cross-collaboratively toward the quantification of
active matrix metallopeptidases (a biomarker for cancer malignancy and inflammation) in human

plasma, where various functionalities converged to achieve a fully automated assay.

Sorting engineered cells with unique properties or functions from a larger population represents
the future for personalized individual cell therapies®!*2. Antibody functionalized paramagnetic
particles can specifically bind to cells that present matching membrane protein®’. This enables

selection of desired subpopulations of cells based on surface biomarkers in therapy production®.



However, the expression of surface biomarkers does not always represent the phenotypic
properties important to cell therapies. There are a wide range of medically relevant phenotypic
properties of cells, such the kinetics of cell receptor expression®, cytokine secretion®, cell-cell
interactions®” and phosphorylation state of signaling pathways*%, and effective ways to characterize
them on a single-cell level is in demand. One potential solution is to create precise and
programmable micromagnetic fields scaled to the size of single cells (10-20 um) for localized

magnetic cell manipulation and selection based on complex phenotypes.

In the fourth and final chapter we established a multiferroic system deployed for time-lapse single-
cell functional profiling, featuring both single entity analysis capacity and an automation potential.
We investigate polycrystalline Ni and FeGa magnetostrictive microstructures on pre-poled (011)-

cut single crystal [Pb(Mg13Nb23)O03]1x-[PbTi03]x (PMN-PT, x = 0.31) with linear strain profile

versus applied electric field. With an applied electric field, the magnetic domains are actuated,
inducing the motion of the coupled particles with sub-micrometer precision. On this platform we
demonstrated the cytocompatibility of the platform for live cell sorting applications and carried
out time-dependent measurement of cytokine secretion from magnetically captured single human
primary T-cells, showing the promise of using energy-efficient electric-field-controlled

magnetostrictive micro- and nanostructures for single cell manipulation.



References

1. Sonker, Mukul, Vishal Sahore, and Adam T. Woolley. "Recent advances in microfluidic
sample preparation and separation techniques for molecular biomarker analysis: A critical
review." Analytica chimica acta 986 (2017): 1-11.

2. US Department of Health and Human Services. "Bioanalytical method validation, guidance
for industry." http.//www. fda. gov./cder/guidance/4252fnl. htm (2001).

3. Wenzel, Katrin, et al. "Performance and in-house validation of a bioassay for the
determination of betal -autoantibodies found in patients with cardiomyopathy." Heliyon 3.7
(2017): €00362.

4. Grailer, Jamison, et al. "Considerations in Developing Reporter Gene Bioassays for
Biologics." Immuno-Oncology. Humana, New York, NY, 2020. 131-156.

5. Ehrnstrom, Rolf. "Profile: Miniaturization and integration: challenges and breakthroughs
in microfluidics." Lab on a Chip 2.2 (2002): 26N-30N.

6. Vyawahare, Saurabh, Andrew D. Griffiths, and Christoph A. Merten. "Miniaturization and
parallelization of biological and chemical assays in microfluidic devices." Chemistry &
biology 17.10 (2010): 1052-1065.

7. Melin, Jessica, and Stephen R. Quake. "Microfluidic large-scale integration: the evolution
of design rules for biological automation." Annu. Rev. Biophys. Biomol. Struct. 36 (2007):
213-231.

8. Su, Fei, Krishnendu Chakrabarty, and Richard B. Fair. "Microfluidics-based biochips:
technology issues, implementation platforms, and design-automation challenges." IEEE

transactions on computer-aided design of integrated circuits and systems 25.2 (2006): 211-

223.



10.

11.

12.

13.

14.

15.

16.

17.

Tsao, Chia-Wen. "Polymer microfluidics: Simple, low-cost fabrication process bridging
academic lab research to commercialized production." Micromachines 7.12 (2016): 225.

Tomazelli Coltro, Wendell Karlos, et al. "Recent advances in low - cost microfluidic

platforms for diagnostic applications." Electrophoresis 35.16 (2014): 2309-2324.
Abdelgawad, Mohamed, and Aaron R. Wheeler. "Low-cost, rapid-prototyping of digital
microfluidics devices." Microfluidics and nanofluidics 4.4 (2008): 349-355.

Dungchai, Wijitar, Orawon Chailapakul, and Charles S. Henry. "A low-cost, simple, and
rapid fabrication method for paper-based microfluidics using wax screen-printing." Analyst
136.1 (2011): 77-82.

Kaushik, Aniruddha M., Kuangwen Hsieh, and Tza-Huei Wang. "Droplet microfluidics
for high-sensitivity and high-throughput detection and screening of disease biomarkers."

Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology 10.6 (2018):
el522.

Sadeghi, Saman, et al. "On chip droplet characterization: a practical, high-sensitivity
measurement of droplet impedance in digital microfluidics." Analytical chemistry 84.4
(2012): 1915-1923.

Zimmermann, Martin, et al. "Modeling and optimization of high-sensitivity, low-volume
microfluidic-based surface immunoassays." Biomedical microdevices 7.2 (2005): 99-110.
Aroonnual, Amornrat, et al. "Microfluidics: innovative approaches for rapid diagnosis of
antibiotic-resistant bacteria." Essays in biochemistry 61.1 (2017): 91-101.

Burklund, Alison, et al. "Advances in diagnostic microfluidics." Advances in clinical

chemistry 95 (2020): 1-72.



18.

19.

20.

21.

22.

23.

24.

25.

26.

Abate, Adam R., et al. "High-throughput injection with microfluidics using picoinjectors."
Proceedings of the National Academy of Sciences 107.45 (2010): 19163-19166.

Brouzes, Eric, et al. "Droplet microfluidic technology for single-cell high-throughput
screening." Proceedings of the National Academy of Sciences 106.34 (2009): 14195-14200.
Guo, Mira T., et al. "Droplet microfluidics for high-throughput biological assays." Lab on
a Chip 12.12 (2012): 2146-2155.

Chabert, Max, and Jean-Louis Viovy. "Microfluidic high-throughput encapsulation and
hydrodynamic self-sorting of single cells." Proceedings of the National Academy of
Sciences 105.9 (2008): 3191-3196.

Basu, Amar S. "Digital assays part [: partitioning statistics and digital PCR." SLAS
TECHNOLOGY: Translating Life Sciences Innovation 22.4 (2017): 369-386.

Kan, Cheuk W., et al. "Digital enzyme-linked immunosorbent assays with sub-attomolar
detection limits based on low numbers of capture beads combined with high efficiency
bead analysis." Lab on a Chip 20.12 (2020): 2122-2135.

Ono, Takao, Takanori Ichiki, and Hiroyuki Noji. "Digital enzyme assay using attoliter
droplet array." Analyst 143.20 (2018): 4923-4929.

Zhang, Y1, and Hiroyuki Noji. "Digital bioassays: theory, applications, and perspectives."
Analytical chemistry 89.1 (2017): 92-101.

Wilson, David H., et al. "The Simoa HD-1 analyzer: a novel fully automated digital
immunoassay analyzer with single-molecule sensitivity and multiplexing." Journal of

laboratory automation 21.4 (2016): 533-547.



27.

28.

29.

30.

31.

32.

33.

34.

Samiei, Ehsan, Maryam Tabrizian, and Mina Hoorfar. "A review of digital microfluidics
as portable platforms for lab-on a-chip applications." Lab on a Chip 16.13 (2016): 2376-
2396.

Zhang, Yi, and Nam-Trung Nguyen. "Magnetic digital microfluidics—a review." Lab on a
Chip 17.6 (2017): 994-1008.

Pipper, Juergen, et al. "Clockwork PCR including sample preparation." Angewandte
Chemie 120.21 (2008): 3964-3968.

Lehmann, Ulrike, et al. "Droplet-based DNA purification in a magnetic lab-on-a-chip."

Angewandte Chemie International Edition 45.19 (2006): 3062-3067.

Fischbach, Michael A., Jeffrey A. Bluestone, and Wendell A. Lim. "Cell-based
therapeutics: the next pillar of medicine." Science translational medicine 5, no. 179 (2013):
179ps7-179ps7.

Fesnak, Andrew D., Carl H. June, and Bruce L. Levine. "Engineered T cells: the promise
and challenges of cancer immunotherapy." Nature Reviews Cancer 16, no. 9 (2016): 566.
Miltenyi, S., Miiller, W., Weichel, W., & Radbruch, A. (1990). High gradient magnetic
cell separation with MACS. Cytometry: The Journal of the International Society for
Analytical Cytology, 11(2),231-238.

Talasaz, A.H., Powell, A.A., Huber, D.E., Berbee, J.G., Roh, K.H., Yu, W., Xiao, W.,
Davis, M.M., Pease, R.F., Mindrinos, M.N. and Jeffrey, S.S., 2009. Isolating highly
enriched populations of circulating epithelial cells and other rare cells from blood using a

magnetic sweeper device. Proceedings of the National Academy of Sciences, pp.pnas-

0813188106.



35.

36.

37.

38

Poudineh, Mahla, Peter M. Aldridge, Sharif Ahmed, Brenda J. Green, Leyla Kermanshah,
Vivian Nguyen, Carmen Tu et al. "Tracking the dynamics of circulating tumour cell
phenotypes using nanoparticle-mediated magnetic ranking." Nature nanotechnology 12,
no. 3 (2017): 274.

Mosmann, Tim R., and Robert L. Coffman. "Heterogeneity of cytokine secretion patterns
and functions of helper T cells." Advances in immunology, vol. 46, pp. 111-147. Academic
Press, 1989.

Fischbach, Michael A., Jeffrey A. Bluestone, and Wendell A. Lim. "Cell-based
therapeutics: the next pillar of medicine." Science translational medicine 5, no. 179 (2013):

179ps7-179ps7.

. Chang, ZeNan L., Pamela A. Silver, and Yvonne Y. Chen. "Identification and selective

expansion of functionally superior T cells expressing chimeric antigen receptors." Journal

of translational medicine 13, no. 1 (2015): 161.

10



Chapter 1 . Overview: Technical Platforms and Strategies for Digital ELISA

1.1 Introduction

The measurement of protein analytes down to the ultimate sensitivity of single molecules has been
achieved by digital ELISA (enzyme-linked immunosorbent assay) technologies. As a branch of
digital bioassays!? developed from the maturation of microfluidic biotechnologies, digital ELISA
platforms are designed to (1) partition a protein detection reaction into a large number of
microcompartments, so that each partition contains a discrete number (0, 1, 2, 3, ...) of target
proteins; (2) contain an amplified reaction inside each partition, so that partitions containing one
or more target proteins (positive partitions) exhibit distinctively higher signals from those
containing none (negative partitions); (3) determine the concentration of the target protein by

enumerating the positive partitions and analyzing with Poisson statistics.

This first proof-of-concept demonstration of a digital counting of B-galactosidase enzyme in
droplets was reported in 1968°, where single B-gal enzyme was partitioned with its fluorogenic
substrate into microdroplets sprayed over silicone oil. Demonstrations of digital ELISA assays
containing complete sandwiched ELISA have to wait until microwell based compartmentalization

techniques became available.

Compared to some other digital bioassays such as digital PCR, digital ELISA underwent slower
technical development and commercial adoption, mainly because of two challenges. First, at the
partition step, a solid surface is required for digital ELISA platforms to accommodate the repeated
binding and washing steps in building antigen-antibody sandwiches, in contrast to the one-pot

reaction mix commonly involved in nucleic amplification. Second, the signal amplification for
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ELISA assay relies on the reporter enzyme turning over fluorogenic substrates, a linear process

over time compared to the exponential amplification in PCR reactions.

The following discussion covers the two technical challenges mentioned above: partition strategies
and signal amplification systems. For partition strategies, we extracted the technical designs and
trends emerged in various digital ELISA platforms in the past 15 years, and their respective pros
and cons. We also summarized the available signal amplification systems for the high-sensitive
detection of signal protein signals, and the challenges and opportunities in their implementation.
The third step in building a digital ELISA platform, the analytical basis involving Poisson statistics,

has been discussed in depth in several other works!*>.

1.2 Partition Strategies

Designing the partition method is the most important in building digital ELISA. To ensure the
functioning of the ELISA assay, the partition system need to (1) be able to compartmentalize a
sample into homogenously sized volumes so that the target protein is distributed in a 0 or 1 fashion
(translating into Poisson statistics, less then <1% of the partitions containing 2 or more target
proteins); (2) be coating with a capturing agent, usually antibodies specific to the target protein,
so that the target protein from the partitioned sample can be immobilized; (3) accommodated the
repeated incubation and washing steps in common ELISA assay protocols to support the building
of antigen-antibody sandwiches, eventually leading to every captured target protein be labeled by

reporter enzymes.

The partition strategies also cast their impact beyond the building of the immuno-sandwiches. For

one thing, the volume of each partition affects the reaction time. The larger the partitions are, the
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longer it takes to collect detectable signals from positive partitions. For another, the total number
of the partitions available per process determines the size of the reaction chip, the burden of data

processed, and ultimately the limit of detection.

1.2.1 Microchamber arrays

In the earliest demonstrations of homogenously compartmentalized digital enzyme counting,
samples containing enzymes were directly partitioned into an array of micron-diameter reaction
chambers. These reaction chambers were formed by PDMS stamping®!°(Figure 1-1a) or etching
into a bundle of optical fibers'!"!*(Figure 1-1b). By chemically modifying the surface of the
microchambers, biotinylating being a common method, these microchambers provide both a solid

support to capture the target molecule, and containment for the partitioned reaction volumes.

Despite the appealing simplicity of using microchambers as both partition containment and protein
capturing surfaces, a fundamental limitation exists that it takes too long for a molecule to freely
diffuse and bind to the surface, even when confined in a micron-diameter reaction chamber, as
dictated by Langmuir adsorption kinetics. Theoretical modeling indicated indicate that a 10 fM

solution would take three years to equilibrate with a 1 cm? surface.!*!>

Such was the demonstrated need for a strategy to separate compartmentalization and protein
binding, where transport and binding of protein molecules to surfaces can be facilitated by fluid

mixing rather than depending on the equilibrium of diffusion.
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Figure 1-1 Microchamber arrays fabrication for digital ELISA via (a) PDMS stamping'?, (b)

etching into optical fibers'?, and (¢) deflective PDMS microwells'®.
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In one approach designed by Piraino et al.!®, an array of deflective PDMS microwells (Figure 1-
Ic) could be selectively actuated by hydraulic pressure to digitally compartmentalize a larger
reaction chamber that would otherwise remain connected for analog readout, and the protein
binding process was facilitated by convection in continuous microfluidics. The majority of the

other digital ELISA platforms have particles integrated in their assay workflows.

1.2.2 Particles in microwells

The method of filling barcoded microparticles into microwell arrays first demonstrated by Walt
and coworkers!” addressed the reagent binding issue in microfluidic settings by “bringing the
surface to the analyte rather than trying to bring the analyte to the surface”!8. The first
demonstrations of complete ELISA assays in digital bioassay format!'*2° used microparticles to
support the immuno-sandwiches, the workflow involving active mixing and centrifuging greatly
facilitates molecule interactions, and subsequently fill these particles into microwells of matching

sizes.

At a practical level, some of the technical challenges in microwell handling persists. The first
challenge a user might encounter is the loading and sealing of microwell arrays, requiring both
efficiency and speed due to the fast evaporation of liquid contained in microwells. One strategy to
facilitate bead loading is to fabricate microwells with hydrophilic-in-hydrophobic material
patterning, where the microwells were assembled to have hydrophilic bottoms (usually SiO> as
substrate) inside each well, confined by hydrophobic side walls (e.g. Teflon-AF?!?2, OSTE**,

CYTOP%?%) (Figure 1-2a-c).
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Figure 1-2 Strategies for loading particles into microwells. (a) Lammertyn and colleagues

developed digital microfluidic (DMF) printing of single superparamagnetic beads into microwells

selectively patterned with Terflon-AF.?! (b) Lammertyn and colleagues imprinting of arrays with

hydrophilic-in-hydrophobic microwells with self-assembly OSTE+ formulation.* (¢) Noji and

colleagues performed vacuum-assisted loading of particles into CYTOP patterned hydrophilic-in-

hydrophobic microwells.?> (d) Duffy and colleagues developed magnetic-meniscus sweeping

(MMS) method for improving bead loading in arrays of microwells.’
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Other external forces have also been integrated to further facilitate bread loading, such as (1)
leveraging an external magnetic field to pull magnetic particles into microwells (Figure 1-2a,d)”?!,
(2) using use of digital microfluidics to deliver the beads to the microwell array (Figure 1-2a)?!,

(3) vacuum-assisted microwell filling (Figure 1-2¢)?*, and (4) improved particle loading leveraging

capillary forces (Figure 1-2d)’.

Another problem shared by microwell-based platforms, and to some degree all other digital ELISA
platforms, is non-specific binding in the process of building antigen-antibody complexes.'® Non-
target proteins and sometimes the reporter enzymes can stick to surfaces and cause false positive
signals. The microwell platforms are also limited in their scalability towards changing sample

volumes, as the area of the wells are fixed at the time of fabrication.

1.2.3 Particles in droplets

Droplet microfluidics present interesting solutions to some of the technical problems faced by
microwell-based systems. Using various droplet microfluidic designs such as T- or Y-shaped
junctions or step emulsifiers, large numbers of water-in-oil droplets can dynamically generated,
encapsulating particles pre-incubated to form antigen-antibody complexes. The partition process
scales spontaneously with sample volume, and users do not encounter technical challenges

resembling particle loading or microwell sealing.

The most prominent challenge for one aspiring to develop a droplet-based digital ELISA platform
is to create uniformly-size droplets that are small enough. While microwell-based platforms
generally partition reactions into wells <10 um in all dimensions, droplet generators with <10 um

diameter nozzles will end up generating droplets 20-30 um in diameter. Larger partitions will in
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turn require longer assay time for signals to break out of the noise floor. Abell and colleagues?®
were able to create 5-50 fL volume droplets by operating a flow focusing device at the dripping
regime, while Issadore and collegues® performed digital ELISA in 22.5 pL droplets with an

amplification assay of a high turn-over rate (Figure 1-3a).

Opposed to the relative ease in partition generation, droplet-based digital ELISA platforms pose a
unique challenge in term of reading signals from water-in-oil droplets. Unlike microwell arrays
fabricated with fixed relative locations, droplets tend to shift around as they float in oil. One
common solution is to contain the droplets in a reservoir for imaging (Figure 1-3b)?°, sometimes
placing them further into microwell structures for fixed locations®’. This solution tends to cause
low percentage of the total droplets being read. An alternative solution is to capture the signals
from droplets as they flow through, which requires a more advanced imaging algorithm capable

of reading droplets from several parallel flow lines at high flow rate (Figure 1-3¢)®.

Unique to droplet platforms in the problem of surfactant mediated crosstalk. It is well reported in
the droplet microfluidic community that fluorescence signals from positive droplets leak out, and
over time stain negative droplets with signals.?®?° The underlying mechanism of these crosstalk
events was considered to be the formation of micellar bodies out of extra surfactant in the
environment.’**! Since surfactant is indispensable in maintaining the stability of water-in-oil
emulsion, unlike the physically defined containment in microwells, it is inevitable to encounter
surfactant mediated crosstalk. However, recent studies also suggest such crosstalk also exists in

surfactant free interface of aqueous solutions and fluorinated oil.*
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1.2.4 Uncontained particles

Suzuki and colleagues*® developed a novel way is to immobilize the amplified signals from signal
enzyme molecules back onto their original particles, eliminating the need for oil-based
compartmentalization entirely (Figure 1-4a). Tyramide signal amplification (TSA), an
immunostaining technical common in immunohistochemistry, was used to deposit signals from

HRP reporters back to tyrosine residues present in protein molecules in the vicinity.

This TSA based method demonstrate multiplex capability®*, and more importantly allowed for
signal analysis being handled by flow cytometers, largely improving the throughput, capacity, and
adoptability of the method. However, it is also risky of crosstalk between positive and negative
particles, and the density of particles in a reaction volume needed to be carefully calibrated. Walt
and colleagues® improved the scheme by fixing the TSA particles in fibrin hydrogel to contain

signal crosstalk (Figure 1-4b), although the cytometer compatibility was traded off.

1.2.5 Droplets without solid content

Although conventional ELISA is based on antigen-antibody interaction, several successful
attempts were reported adapting nucleic acid amplifications for antigen detection. Kim et al.*
designed an entropy-driven amplification cycle activated by the proximity of antibodies tagged

1.37 reported containing proximity ligation

with catalytic sequences (Figure 1-4c). Byrnes et a
assays in droplets which converted antigen detection to digital PCR downstream (Figure 1-4d).
The platform also features an algorithm to compensate for polydisperse droplet sizes to further

streamline sample preparation.’®3° Abasiyanik et al.* also reported digital quantification of low-

abundance cytokine biomarkers with droplet based proximity ligation assays (Figure 1-4e).
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Figure 1-4 Other digital ELISA platforms. (a) Suzuki and colleagues®*® developed a TSA-on-
particle platform for digital ELISA. (b) Walt and colleagues® contained TSA particles in fibrin
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amplification was activated by the proximity of antibodies tagged with catalytic sequences. (d)
Byrnes et al.*’ reported containing proximity ligation assays in droplets which converted antigen
detection to digital PCR downstream. (€) Abasiyanik et al.*° also reported digital quantification of

low-abundance cytokine biomarkers with droplet based proximity ligation assays.
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1.3 Signal Amplification

The signal amplification system in digital ELISA aims to indicate the existence of single analyte
by rapidly generating signaling molecules. The conventional ELISA assay format replies on a
reporter enzyme to catalyze substrate molecules turning-over, resulting in fluorescent signals.
There is as of today a limited pool for fluorogenic enzyme-substrate pairs, governed by three
common enzymes: [-galactosidase (j-gal), horseradish peroxidase (HRP), and alkaline

phosphatase (AP). The common substrate-enzyme pairs are presented in Table 1.1.

A larger variety of labeling and signaling molecules will be crucial both to more optimized signal
amplification schemes, and to diversify signal amplification strategies for multiplex. Noji and
colleagues®? reported a library of novel fluorogenic substrates for AP reporter enzyme that also

exhibit preferable properties in term of resisting dye leakage into fluorinated oil.

It is to be noted that the enzymatic catalytic systems are fundamentally limited in their efficiencies:
the linear enzymatic production of signaling molecule is incomparably slow against the
exponential amplification of PCR. To this end, the nucleic acid based amplifications discussed in
section 1.2.5, particularly digitalized protein detection via proximity ligation assays*’*°, have

shown great potential in bridging the gap.

1.4 Performance Metrics

The analytical performance metrics of digital ELISA sheds lights into the room for further
technical development. Although many of the metrics, such as sensitivity or limit of detection
(LOD), have their correspondence when used on conventional analogue assays, their definition is

slightly more complicated when the assay shifts toward digitalization.
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Table 1-1 common substrate-enzyme pairs for digital ELISA

Enzyme Size Substrate Signals EX/EM
(kDa) (nm)
OH OH
HO,, SO O O A O HO 0 0
= = ‘\]/
BeasyeRed P0e
Ho~ 2~ ‘o OH COOH
| 494/512
gy ¢
Fluorescein di(B-D-
galactopyranoside) (FDG) Fluorescein
[B-galactosidase 44
(B-gal) OH
peSsee!
HO” "0 0 o)
OH
Resorufin di(B-D-
galactopyranoside) (RDG)
\Q:;g 563/587
Resorufin
HO. 0 OH
horseradish \C[NU
peroxidase 464
(HRP) OA’\CH;‘
10-Acetyl-3,7-
dihydroxyphenoxazine
(ADHP)
A CH;
HO—P—0 0. 20
alkaline L /@\/J\\/\l\
phosphatase 140 = HO 0”0 372/445
(AP) CH
3 4-Methyl-
4-Methylumbelliferyl umbelliferone
phosphate (4-MUP) (4-MU)
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1.4.1 Sensitivity

Sensitivity is officially defined as the change in signal relative to concentration and is most closely
associated with the slope of the calibration curves, which determines the ability to discriminate
among similar concentrations of the analyte.’ Although interchangeable with LOD in analog
assays, for the following discussion, we define sensitivity as the capability of an assay to

distinguish the existence of single target protein biomarker (positive) from none (negative).

In the signal analysis of digital assays, a positive signal is often defined as greater than 3 standard
deviations away from the noise floor (average signal level of all partitions from the negative

control group), i.e. the signal to noise ratio.

Provided the noise floor is relatively stable once the imaging set up is determined, the sensitivity
of the assay can be improved by (1) deploying an assay of higher turn-over rate; (2) improving the
sensitivity of the optical readers, either by upgrading hardware or expanding imaging algorithms;
(3) reducing the volume of each partition so that the signals accumulate to a higher effect within

the same time frame.

There is, however, several factor that might raise the noise floor, particularly due to persistent false
positive signals from negative control experiments. The false positive reading can come from (1)
unstable fluorogenic substrate self-supplying false signals, (2) non-specific binding of protein and
enzyme reporters, or (3) contaminants in the environment catalyzing substrate turn-over.
Particularly, reducing the size of partitions might contribute to elevated non-specific binding due

to increased surface-to-volume aspect ratio.
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1.42LOD

Although also defined as > 3 standard deviations above negative control, LOD is defined by:

mean [percentage positive]neg +3 SD [percentage positive]neg

Netted within this equation, a positive event is defined by:

mean [signal]neg +3 SD [signal]neg

What this entails for real-life digital ELISA experiments is that: (1) If abnormal high reads in false
negative conditions exhibit enough signal to be counted positive, i.e. [percentage positive]neg
increases away from zero, the LOD of the assay will be hugely affected; (2) At the boundary of
the LOD, i.e. low concentrations of target molecuels, where there are only a few (<10) positive
partitions to be counted, the discreet chance encounter of positive partitions will cause a large

coefficient of variation (CV).

Therefore, the LOD of a digital ELISA platform is dictated first by how clean the amplification is,
but more importantly by the number of partitions included in signal analysis. When the number of
positive microchambers that could be counted is so limited that its boundary with negative control

is ambiguous, there stands the LOD of the assay.

From a technical perspective, scaling up the imaging analysis capacity can be challenging for both
microwell and droplet-based platforms. Microwells have a defined number of wells fabricated
within the fixed area, and the particle loading efficiency is still being improved.” Droplet imaging
can be even less flexible due to the location shift of droplets and their limited tolerance towards

physical pressure and shearing, although high-throughput reading with cytometers or sorters might
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be present future opportunities. In addition, Mufioz et al.*! developed a hierarchical Bayesian
model with bootstrapping performance boundary curves to enhance the LOD via machine-learning

based imaging analysis algorithms.

1.4.3 Dynamic rage

In addition to sensitivity and LOD, dynamic range (the range between the minimum and maximum
number/concentration of molecules in a sample that can be measured quantitatively) is another
important performance metric, although less discussed in the digital bioassays due to the emphasis
on the lower detection boundary. Larger number of partitions will hold larger number of molecules
in compartments, thus increasing the higher detection boundary. However, there is a physical
limitation in partition numbers, limited by either the physical capacity of the platform (especially

for microwells) or the available volume of the sample.

Some other strategies to expand the dynamic range include (1) incorporating a capacity for on
demand dilution in the assay workflow, (2) distinguishing the difference of summed-up signals
from 1-3 molecules instead of analyzing single compartmentalization,’ and (3) design the platform

to be compatible with both digital and analog assays.!®
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Chapter 2 . Single Molecule Detection: Counting of Enzymatically Amplified Affinity

Reactions in Hydrogel Particle-Templated Drops

2.2 Introduction

Digital enzyme-linked immunosorbent assays (ELISAs) allow for the measurement of protein
biomarkers down to the ultimate sensitivity of single molecules. In contrast to conventional
ELISAs performed in ~200 pL reaction volumes, in a digital ELISA workflow, a sample
containing a target protein is partitioned into numerous sub-nanoliter microreactors such as
microwells or emulsion droplets, such that each partition contains a quantized number of target
molecules. If the volume of each partition is small enough, hence the total number of the partitions
great enough, many of the microreactions will comprise either 0 or 1 target molecules with a

distribution governed by Poisson statistics'.

The differentiation of positive partitions (containing 1 or more target molecules) from negative
partitions (containing O target molecules) requires a signal amplification mechanism associated
with the presence of a target molecule inside a partition. Similar to well plate-based ELISA,
reporter enzymes such as horseradish peroxidase (HRP), B-galactosidase (B-gal), or alkaline
phosphatase (AP) are used to catalytically react with their fluorogenic substrates and linearly
amplify signal. Since the signals generated by the reporter enzymes are contained within the
original partition, the measurement of target protein concentration is reduced to counting the

number of positive partitions containing signals above-background.
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While detection of a single -gal enzyme was achieved as early as 1961 by spraying a mixture of
B-gal and its fluorogenic substrate over silicone oil?, the reliable measurement of low-abundance
protein biomarkers posts two to the partitioning strategy. First, the digital ELISA platform needs
to produce and process a large number (~ 10°-10%)** of highly homogenously sized partitions.
Monodisperse partition size ensures uniform reaction conditions among all partitions, and thus the
signals from the partitions can be directly compared. Second, the partitions need to contain a solid
surface to support the immobilized target protein molecules, subsequently formed enzyme-linked

immunocomplexes, and sustain repeated washing required for ELISA workflows.

Since microfluidics enabled the fabrication or generation of large numbers of homogeneously
sized microscale compartments, digital counting of B-gal enzymes was first demonstrated in
microwell arrays® and optical fibers®, and matured into full-scale digital ELISA assays in which
microwells were loaded with particles’® conjugated with immuno-complexes, leveraging the
convenient mixing and washing of micro-particles to expediate the binding of target molecules to
their surfaces.” Since the commercialization of microwell-based digital ELISA represented by

Quanterix Simoa, new discoveries have been enabled in the diagnosis and mechanistic studies of

12-14 15,16

various diseases'® such as for Alzheimer’s disease!!, cancers'>'4, cardiovascular diseases'>'®,

17,18

cytokine inflammatory markers!”!'®, and tuberculosis'®. Similar well plate-based platforms include

deflectable button microwells*® and pre-equilibrium microarrays?'.

Another design of digital ELISA platforms encapsulates particles into microfluidically-generated
and surfactant-stabilized droplets?>?*. Compared to microwell approaches where the number of

microwells are fixed per wafer design and scaling up complicates device handling?*, the droplet
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approach scales more freely, since droplets can be produced at up to ~10%s?>?* and as many or
few can be utilized as the downstream analysis approach allows. However, using random binding
and encapsulation to realize conditions of a single molecule per particle and single particle per
droplet, results in <~1% of all droplets containing a single molecule on a single particle, following
Poisson statistics. On microwell-based platforms the particle loading efficiency is increased by
sizing well cavities for a single particle and infusing an overwhelming supply of particles, however,

the majority of them are washed out and uninterrogated®.

Another problem shared by microwell and droplet platforms is the cost or operational complexity
for end users without microfluidic skills or infrastructure. Both microwells and droplet generators
require specialized microfluidic skills to operate or rely on commercial solutions that are
specialized and not widely available. Efforts to simplify the partitioning hardware include (1)
entirely removing partitioning by depositing signals onto particles in-situ with tyramide signal

2627 although spacing strategies are required to prevent signal crosstalk amongst

amplification
particles?®; and (2) relaxing the monodispersity requirement by statistically compensating for

volume polydispersity?’, adapted to a one-pot reaction®.

We present a lab-on-a-particle assay mechanism as a further democratized solution for digital
enzyme reaction counting. Hydrogel particles are utilized here both as a solid support to

immobilize protein molecules, and as a template for emulsification around the hydrogel matrix.

31,32

Previously, we and others have shown that spherical particles or particles with tailored surface

33,34

chemistry can be used to template drop formation to perform measurements of DNA and

protein biomarkers. In this work, we performed digital counting of B-gal enzyme on spherical
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polyethylene glycol (PEG) hydrogel particles templating drops of ~20 pL volume and achieved
femtomolar detection limit. The assay workflow is performed solely with standard bench-top
equipment and techniques. We envision this lab-on-a-particle mechanism for single enzymatic

reaction counting to lay a foundation for democratizing digital ELISA technologies.

2.2 Materials and Methods

2.2.1 Device fabrication

Step emulsifiers

Step emulsifier microfluidic droplet generators were fabricated using soft lithography. Master
molds were fabricated on mechanical grade silicon wafers by a two-layer photolithography process
with KMPR 1010 and 1050 (MicroChem Corp), the first and second layers defining the height of
the nozzle channel and the reservoir region respectively. The nozzle channel measured 700 um (L)
x 20 um (W) x 7.2 um (H), and the droplet collection reservoir measured 4 cm (L) x 2 mm (W) x
80 um (H) and were confirmed using a Veeco Dektak 150 Surface Profiler. Devices were molded
from the masters using PDMS Sylgard 184 kit (Dow Corning). The base and crosslinker were
mixed at a 10:1 mass ratio, poured over the mold, degassed, and cured at 65 °C overnight. PDMS
devices and cleaned glass microscope slides (VWR) were then activated via air plasma (Plasma
Cleaner, Harrick Plasma) to form permanent bonding. The bonded devices were then treated with
Aquapel for 1 min and rinsed with Novec 7500 oil (3M) to render the channels fluorophilic. After
surface treatment, devices were placed in an oven at 65 °C for 1 h to evaporate the residual oil in

the channels.
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Imaging reservoirs
To image dropicles and particles, imaging reservoirs sizing 5 cm (L) X 3 cm (W) x 50 pum (H)
were fabricated using the same soft lithography techniques, allowing dropicles or particles to form

a single layer when imaged.

2.2.2 Production of hydrogel particles

Hydrogel precursor solution containing 10 wt% 8-arm PEG-vinylsulfone (JenKeM Technologies),
0.5 mg/ml biotin-PEG-thiol (Nanocs), 4 ng/ml maleimide labeled with Alexa Fluor 568 or 488
(Life Technologies), and 2 wt% dithiothreitol (Sigma-Aldrich) crosslinker was buffered in a
0.15M triethanolamine (Sigma-Aldrich) solution at pH = 5, and injected as the dispersed phase
into the step emulsifier at 300 pL/hr, along with a continuous phase composed of Novec 7500
fluorinated oil and 1 wt% PicoSurf (Sphere Fluidics) at 1500 pL/hr to generate a water in oil

emulsion.

At the device outlet, a second continuous phase containing 3 vol% triethylamine (Sigma-Aldrich)
in Novec 7500 was introduced in a PTFE tubing (Zeus) via a Y junction connection (IDEX Health
& Science) to increase the pH of the gel precursor droplets to pH 8 and initiate hydrogel
crosslinking. Oil containing the organic base was injected using a Hamilton gastight syringe at 150
uL/hr. The residence time in the tubing between introduction of the organic base and the collection
tube was around 4 min. All solutions were injected into the step emulsification device at defined

flow rates using syringe pumps (Harvard Apparatus PHD 2000).
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After incubating for 8 hr at room temperature, crosslinked particles were extracted from the
emulsion by disrupting the emulsion with 20 wt% perfluoro-octanol (Sigma-Aldrich) in Novec
7500 oil at a 1:1 volume ratio. PBS was added immediately to swell and disperse the particles,
followed by a few repeats of hexane (Sigma-Aldrich) extraction steps where the oil contents are
extracted into a low-density hexane phase and pipetted out from the top. The particles were then
filtered with Falcon 40 pm Cell Strainers (Corning) to remove oversized particle aggregates and
debris and suspended in PBS supplemented with 0.1 wt% Pluronic F-127 (Sigma Aldrich). The
density of the particle suspension was measured using standard cell counting techniques or a flow
cytometer. The particles were stored at 4 °C for long term storage up to several months, and usually

suspended at a density of 106 particles /mL for ease of use in assays.

2.2.3 Affinity binding on particles

Stored particle suspension was taken out of the fridge and homogenized by inversion. A calculated
volume of suspension containing the desired number of particles was transferred to a protein
LoBind microcentrifuge tube (Eppendorf) using Ultra Low Retention pipette tips (Corning) and
spun down for 15 seconds using a benchtop centrifuge (Stellar Scientific). A translucent pellet of
hydrogel particles could be seen at the bottom of the tube. The supernatant was discarded and
replaced with 50 pl solutions of the target binding molecule at varying concentrations. The mixture
was gently pipetted to dislodge and pellet and incubated on a rotating rack. After incubating for 1
hour, the particles were washed 4 times following similar centrifuge — solution exchange — mixing

steps in PBS containing 0.1% Pluronic F-127.
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2.2.4 Dropicle formation

The particles were suspended in PBS supplemented with 0.1% Pluronic F-127 and pelleted for use.
For enzymatic amplification assays, the fluorogenic substrate was also diluted in PBS with 0.1%
Pluronic F-127 to a concentration of 100 uM, 5 pl of this substrate solution was gently mixed with
the particles. An oil phase of Novec 7500 with 1% PicoSurf was immediately added, and this
mixture was pipetted for 2 minutes at an approximate rate of 120 pipette aspiration-dispensing

cycles per minute to create an emulsion of uniform dropicles.

The volume ratio of the aqueous phase and the oil phase is important for the emulsion quality. For
all the enzymatic assays in this work, a pellet of 500,000 particles was mixed with 5 puL substrate
solution and emulsified in 80 pL oil. 0.1% Pluronic F-127 in the aqueous phase was also important

for the emulsion quality.

2.2.5 Enzymatic affinity assays in particle templated droplets

[-gal amplification reaction

500,000 hydrogel particles were incubated with a 50 pl sample solution containing streptavidin-3-
galactosidase (Sigma Aldrich) for 1 hour on a rotating rack set to 10 rotations per minute.
Following incubation, particles were washed 4 times with PBS supplemented with 0.1% Pluronic
F-127 and pelleted. 10 pL fluorescein-di-beta-galactopyranoside (FDG, Sigma Aldrich) solution
at 100 uM in 0.1% Pluronic F-127 was mixed with the pellet. 80 puL of Novec 7500 with 0.5%
PicoSurf was added to the pellet and immediately emulsified. The emulsion was incubated for 20

hours at room temperature covered in foil.

36



HRP amplification reaction

500,000 hydrogel particles were incubated with a sample solution containing Pierce High
Sensitivity Streptavidin-HRP (Thermo Scientific) for 1 hour on a rotating rack set to 10 rotations
per minute. Following incubation, particles were washed 4 times with PBS supplemented with 0.1%
Pluronic F-127 and pelleted. Inside a dark room, 10 uL. QuantaRed reaction solution (Thermo
Scientific) mixed according to the manufacturer’s protocol was added the pellet. 80 uL of Novec
7500 with 0.5% PicoSurf was mixed with the pellet and immediately emulsified. The emulsion

was immediately transferred to an imaging reservoir for signal readouts.

2.2.6 Affinity binding facilitated by active absorption

500,000 hydrogel particles were pelleted and washed in 500 pL ethanol for 3 times. After removing
the ethanol supernatant after the third wash, the microcentrifuge tube containing the particles was
placed inside a desiccator with the cap of the tube left open and kept in vacuum for 30 minutes in
room temperature. Completely dried particles should be found at the bottom of the tube. Enzyme
solutions were added directly to the dried particles, and immediately mixed with the rehydrating
particles by gentle pipetting. The following incubation and emulsification steps are the same as

above.

2.2.7 Signal readout using fluorescence microscopy

An imaging reservoir was first filled with Novec 7500, followed by dropicles transferred by
pipetting. The dropicles spread out into a single layer inside the reservoir since the height of the

reservoir does not allow 2 particles stacked vertically. The reservoir containing the emulsion is
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then placed on the imaging stage of a Nikon Eclipse Ti2 Series equipped with a Photometrics

Prime cMOS camera and scanned for 40 consecutive fields of views.

For B-gal/FDG/fluorescein reactions, each field of view was imaged in the FITC channel with 500
ms exposure to measure enzymatic signal in droplets, followed by 100ms in the TRITC channel
to identify particles labelled with Alexa Fluor 568. For HRP/ADHP/resorufin reactions, each field
of view was imaged in the TRITC channel with 40 ms exposure to measure enzymatic signal in
droplets, followed by the FITC channel with 40 ms exposure to identify particles labelled with

Alexa Fluor 488.

Image analysis algorithms were constructed in MATLAB to analyze the fluorescence signal of
each dropicle by averaging signals over the particle. A positive signal is determined by
thresholding 2.5x standard deviations above the mean of the background signals. Occasional
occurrences of dropicles containing multiple hydrogel particles (>2%) were excluded from signal

analysis.

To calculate the limit of detection (LOD), we measured the number of false positives in replicate
(N=3) negative control samples. The detection threshold was set at MEAN+2.5SD (the sum of the
mean fraction of false positives with 2.5 standard deviations of the fraction false positives), and

the LOD was calculated by the intersect of the regression with the detection threshold.

The theoretical average enzyme per particle (AEPwne,) was determined by Poisson distribution
statistics where the average number of enzymes per particle A = AEPwue and the discrete

occurrences of enzyme bound on particles X =x (x =0, 1, 2, etc.) follows:
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Ae
PX =x) =

In the digital regime of the assay where the dropicles were either positive (x > 0) or negative (x =
0), the experimental average enzyme per particle (AEPe,) was calculated from the fraction of

positive particles (f,) 3

AEPexp = - 11’1 (1 - fp)

2.3 Results

2.3.1 High throughput production of hydrogel particles

Hydrogel particles used in this work are monodisperse spherical PEG hydrogel particles,
composed of 8-arm PEG-vinylsulfone as the main scaffold, crosslinked with DTT with 80% of the
thiol crosslinking sites occupied by DTT, and functionalized with biotin-PEG-thiol to introduce
biotin moieties and maleimide conjugated fluorophores to impart fluorescence to locate the
particles for imaging analysis. Particle production follows our published pH-modulated step
emulsification method35 (Figure 2-1a), yielding droplets with diameters of 25.3 + 1.4 pm. This
step emulsifier is operated at a frequency of 625 KHz, with potential to scale up. The quality of
the emulsion remains consistent over a 10-hour production period as shown by the CV of the

droplet sizes (Figure 2-2).
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Figure 2-1 Workflow for enzymatic affinity assays in dropicles. (a) Hydrogel particles were
produced using step emulsification of polymer precursor droplets at a low non-reactive pH.
Droplets containing polymer precursors were crosslinked into hydrogel particles by an increase
in pH from 5 to 8. (b) Hydrogel particles retrieved from the emulsion droplets (d = 25.3 £1.4
pm, n = 1,428) swelled 27% in diameter, resulting in hydrogel particles 32.1 +1.3 um in
diameter (n = 1,122). Bright field microscopy images of droplets and crosslinked hydrogel
particles show a change in their refractive index. Scale bar = 50 um. (c¢) Schematic of affinity
binding of fluorescent streptavidin on biotin-modified hydrogel particles following incubation
and washing step. (d) The fluorescence intensity of particles is correlated to the concentration
of the streptavidin solution incubated with particles with a narrow distribution (n = 10,000). (e)
Schematic of the formation of droplet templated emulsion (i.e. dropicles) created by vigorous
pipetting. (f) Histograms of size of the dropicles (d = 35.4 £ 2.4 um, n = 257) compared to the
hydrogel particles (d = 32.1 £1.3 pm, n = 1,122) are shown. Scale bar = 100 pm.
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Figure 2-2 The mean diameter of droplets produced over a 10-hour period using the step
emulsifier microfluidic device remains consistent, with CV values around 6%. (n = 150-

300 for each 30-minute time point).
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At the droplet collection site, an organic base was introduced in an additional oil phase to modulate
the aqueous droplets to pH~8 and induce crosslinking via Michael addition reaction. Crosslinked
hydrogel particles were retrieved by breaking the emulsion and washing with hexane and aqueous
buffers; after washing the particles go through a 27% swelling in an aqueous suspension and are
filtered through a 40 um cell strainer to removed particles with malformed crosslinks. The resulting

hydrogel particles had a mean diameter of 32.1 um with a 4.2% CV (Figure 2-1b).

2.3.2 Affinity binding on hydrogel particles

Biotin functionalization of particles enables affinity binding to fluorescent streptavidin (Figure 2-
Ic) with a dose response spanning at least 3 orders of magnitude. After incubating 500,000
hydrogel particles with Alexa Fluor 488 tagged streptavidin, bright fluorescent rings were seen
surrounding the particles, suggesting streptavidin bound to the biotin moieties on the particle
surfaces. (Figure 2-3a) 10,000 particles from each incubation were analyzed for the homogeneity
of the fluorescent signal, yielding CV values of 7.8%, 5.5% and 3.8% for 10nM, 100nM and ImM
streptavidin concentrations which indicate uniform affinity binding across the particles (Figure 2-
1d). A linear correlation could be found between the fluorescence of the particles and the
concentration of streptavidin, with a nanomolar limit of detection for unamplified direct binding

on these particles (Figure 2-3b).
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Figure 2-3 Streptavidin binding to biotinylated particles. (a) Fluorescence signal is localized
to the outer surface of the hydrogel particle, forming a bright edge on the boundary of the
particle in a 1D fluorescence intensity slice. (b) The integrated fluorescence signal from
particles with bound streptavidin-Alexa Flour 488 after incubation are linearly correlated to the
concentration of the streptavidin solution across 5 orders of magnitudes. The lowest resolvable
signal was around 1 nM, representing the limit of detection for an unamplified affinity assay

on the particles using our microscopy setup. (n = 10,000 for each streptavidin concentration.)
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2.3.3 Particle-templated emulsions

Monodisperse droplets templated by hydrogel particles, which we refer to as dropicles, were
formed by agitation with an oil and surfactant. When an aqueous suspension of hydrogel particles
is mixed with a phase of fluorinated oil and agitated by vigorous pipetting, the shearing from
pipetting breaks up the aqueous phase into consequently smaller volumes, until the aqueous layer
surrounding a particle is too thin to be further broken up (Figure 2-le, 2-4). With optimized
surfactant constituents the dropicles exhibit a mean diameter of 35.4 pm with a CV of 6.7%, closely
approximating the size of the hydrogel particle templates (Figure 2-1f). Thus, by simple agitation
we were able to create uniform partitions of 20.6+5 pL volume, without the use of microfluidic

components such as droplet generators or microwells in forming the compartments.

2.3.4 Performance of enzymatic affinity assays

We proceeded to perform enzymatic amplification assays on hydrogel particles, following the
affinity binding and templated emulsion workflow described above. The particles were first
incubated with an enzyme solution to capture the target enzyme molecules, washed, and then
emulsified with a solution of a fluorogenic substrate specific to the enzyme (Figure 2-5a). When
the fraction of the enzyme molecules introduced and bound to particles was below 0.1 of the total
particle loading, enzymes were captured on particles in a quantized manner, and digitized

fluorescent signals were observed within dropicles.
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Figure 2-4 Optimizing the quality of dropicle formation with increased pipetting time.
(a) Bright field images showing the formation of dropicles at 30 second intervals of
vigorous pipetting. The number of droplets containing multiple hydrogel particles
(highlight by red contour) decreased with increased pipetting time. Scale bar = 100 pm.
(b) The fraction of singlet dropicles (droplets templated by only one particle) increased
with time, approaching 100% after 120 seconds of pipetting.
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Figure 2-5 Comparison of enzymatic amplification systems in dropicles. (a) Workflow for
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digital enzymatic amplification assays performed on hydrogel particles. (b) Chemical
mechanisms for the conversion of fluorogenic precursors to fluorescent molecules for the two
enzymatic amplification systems examined on hydrogel particles. (¢) Comparison of the
stability of FDG and ADHP substrates within their respective assay time frame. Signals at later
time points were normalized against their measurement at t=0. (nFDG ~3,000, nADHP
~1,200.) (d) Histogram for dropicles after reacting particles with 1 pM of either HRP or -gal
in their respective enzymatic amplification systems after 30 minutes and 24 hours respectively.
Signals were normalized against measurement at t=0. A threshold for positive droplets was set
to 2.5 standard deviations above the background mean signal. The histograms were fit with a
double Gaussian distribution model indicating the resolution of a no signal population and
distinct positive population. (e) Fluorescence images of resorufin leaking out of the original
HRP-containing droplets (marked in red) into nearby droplets (marked in blue) over 60
minutes. Scale bar = 50 pum.Fluorescence signals over time for an HRP-containing droplet and
nearby droplets over 60 minutes.
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We compared the performance of two enzyme systems, evaluating substrate stability, turn-over
rate, and signal containment within dropicles. Horseradish peroxidase (HRP) and B-galactosidase
(B-gal) are the two most common reporter enzymes used in digital ELISA due to the commercial
availability of their fluorogenic substrates (Figure 2-5b). HRP catalyzes the conversion of its
substrate 10-acetyl-3,7-dihydroxyphenoxazine (ADHP) into resorufin exhibiting bright
fluorescence in the 560— 610 nm range. -gal catalyzes the hydrolysis of B-galactosides through
the breaking of the glycosidic bond by a two-step hydrolysis process*®*’. Multiple fluorogenic
substrates of B-gal are commercially available, including those which produce resorufin and

fluorescein (e.g. fluorescein-di-beta-galactopyranoside, FDG).

Turnover rate

The HRP/ADHP system has significantly higher turnover than the B-gal/FDG system. Resorufin
signal generated by HRP can be distinguished within 10 minutes of initiating a reaction in dropicles
and plateaus around 30 min (Figure 2-6), while sufficient fluorescein signal from the turnover of
FDG by B-gal enzyme requires overnight reaction’®-°,

Substrate stability

We measured the chemical stability of FDG and ADHP substrates contained in particle-templated
droplets in the absence of enzymes (i.e. negative control for enzymatic assays). Due to the
difference in turnover rate, droplets containing FDG reaction mix were incubated overnight and
imaged at 8-hour intervals, while droplets with ADHP reaction mix were imaged every 10 minutes.

The signals from later time points were normalized against their initial readings at t = 0.
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Figure 2-6 Signals of dropicles loaded with the HRP/ADHP/resorufin system analyzed at
10-minute intervals indicating the enzymatic amplification completed at around 30
minutes. The fluorescence signals of each dropicle were normalized against their starting
fluorescence at t=0. Red lines refer to signals from positive dropicles (containing particles
bound with at least 1 HRP enzyme), black lines correspond to negative dropicles. (n =

101)
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While the baseline intensity distribution from the turnover of FDG without enzyme remained
similar to their initial readings, spreading slightly in standard deviation (an increase of 0.27 = 1.71
standard deviations over a 32-hour monitoring window), the intensity distribution from the ADHP
reaction mix shifted 2.12 standard deviations higher in intensity on top of a wider (1.95 standard
deviations) distribution (Figure 2-5¢). This can be explained by the photooxidation of ADHP to
resorufin®’ in a peroxidase environment, where the ADHP substrate self-decomposes into resorufin
fluorophores unaided by HRP. This baseline level of turnover of the ADHP substrate resulted in a
higher noise floor that requires higher levels of enzyme-produced signal to robustly distinguish

enzyme containing drops (Figure 2-5d).

Signal containment
While fluorinated oils ubiquitous in droplet microfluidic assays have very low solubility for large
or highly charged biomolecules, dye leakage has been widely reported and attributed to a surfactant

mediated transport of small molecules such as fluorophores*! ™

, with resorufin reported to be
transported more readily than fluorescein***°. This transport, coupled with the large heterogeneity

in enzyme activity within a single population of enzymes, can prevent significant accumulation of

fluorescent signals in droplets thereby precluding accurate digital molecular counting.

Since surfactant is necessary for the formation of dropicles, leakage of resorufin fluorophores was
significant and could be observed from as early as 15 minutes following compartmentalization and
initiation of reactions (Figure 2-5¢). Fluorescent signals could be detected at even higher levels
from satellite droplets surrounding a positive particle as more time passed, up to 60 minutes.

Further analysis shows while the reaction in the center HRP-containing droplet plateaus after 30
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minutes, signals from the neighboring droplets continue to increase, likely as a combined

consequence of dye leakage and the baseline turnover of resorufin molecules.

To decouple enzymatic activity from fluorophore leakage, we observed the transport of fluorescein
and resorufin dyes loaded in dropicles by emulsifying particles with fluorescein and resorufin
solutions and tracking the signal changes over time. Normalized based on photobleaching, the loss
of resorufin fluorophores was rapid with >80% loss of signal within the first 30 minutes of reaction,
while the leakage of fluorescein reached e quilibrium after 20 minutes with the majority of the

fluorophores remaining within the dropicle (Figure 2-7).

Weighing turnover rate, substrate stability, and signal containment, although the HRP/ADHP
system had a higher turnover rate leading to a shorter incubation time, the high baseline turnover
of ADHP substrate without enzyme and the transport of converted resorufin signaling molecules
out of dropicles are both expected to reduce the accuracy of measurements. We therefore decided
to use the B-gal/FDG enzyme system for single enzymatic reaction counting on hydrogel particles

with an overnight incubation for the enzymatic amplification step.

2.3.5 Enzymatic affinity assay for digital molecule counting

We performed digital counting of B-galactosidase enzyme molecules. Hydrogel particles were
incubated with streptavidin labeled B-gal at concentrations from 2.5 fM to 4 pM, washed, and then

emulsified with FDG substrate mixture.
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Figure 2-7 Transport of resorufin and fluorescein in dropicles. (a) Fluorescence signals
from fluorescein containing dropicles, the location of which indicated by the cyan color
filter on the top images, transported towards negative dropicles during a 45-minute
incubation. Scale bar = 100 um. (b) Fluorescence signals from resorufin containing
dropicles transported towards negative dropicles during a 45-minute incubation. (c)
Normalized fluorescence intensities over 90 minutes observation showing the transport
of fluorescein is slower than resorufin, and ~65% of fluorescein signal was retained at

equilibrium. Error bars indicate the standard deviation of all dropicles observed.

51



After a 20-hour incubation, dropicles were transferred to a reservoir for imaging and analysis.
Droplets exhibiting fluorescent signals >2.5 standard deviations higher than the mean intensity of
negative control droplets were counted as positive (i.e. containing 1 or more molecules of B-gal,
Figure 2-8c). Around 50,000 dropicles were imaged from each reaction, and 3 repeats were

performed for each B-gal concentration.

The fraction of positive droplets showed a linear correlation with the starting B-gal concentration
over 3 orders of magnitudes (r* = 0.998). The limit of detection for B-gal enzyme counting was 2.5
fM (Figure 2-8a). By back calculating from the fraction of positive droplets per experiment to
average number of enzymes per particle (AEP) following Poisson statistics, we observed a linear
correlation between the experimental average enzyme per particle (AEP) and the theoretical AEP

with r? = 0.933 (Figure 2-8b).

2.3.6 Enhancing binding using active absorption of sample

We take advantage of the absorption of fluid by the hydrogel particles once dried to facilitate
binding of enzyme driven to the particle surface by the rehydrating flow (Figure 2-9a,b). Due to
the high weight fraction (~90%) of water in the volume of our hydrogel particles they shrink in
size significantly when undergoing a drying process and swell when rehydrated, drawing fluid into
their interior. The diameter of hydrogel particles increased from 16.3 = 1.6 um to 30.3 £ 2.4 um
during rehydration (Figure 2-10). This rehydration process completes within ~2 seconds for each
particle, resulting in a 6.4x volume increase (Figure 2-9c). This corresponds to a calculated

convective flow to the surface of ~7 micrometers/sec.
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Figure 2-8 Digital counting of B-gal enzymes in dropicles. (a) Fluorescence microscopy images
of particles (TRITC) incubated with B-gal enzyme at difference concentrations, and the digitalized
fluorescein signals (FITC) from the dropicles indicating events of enzymatic amplification. Scale
bar = 100 um. (b) The fraction of positive dropicles (defined by FITC signals >2.5 SDs above the
mean background fraction) correlates linearly to the concentration of B-gal enzyme loaded onto
particles (r2 = 0.998, n ~ 50,000, N = 3). We observe a 3-order of magnitude dynamic range with
a limit of detection at 2.5 fM. (¢) The experimental average enzyme per particle (AEP) correlates
linearly with theoretical values across the range of the experimented B-gal concentrations (1> =
0.933, N =3). (d) Distribution of fluorescence signals in dropicles from particles incubated with
2.5 fM, 5 fM and 10 fM B-gal solutions. Positive droplets (defined by signals >2.5 SDs above the

mean background intensity) increased in frequency with higher B-gal concentrations.
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Figure 2-9 Enzymatic amplification assays facilitated by active absorption by hydrogel
particles. (a) Schematic of the experimental operations for active absorption using dried
hydrogel particles. (b) Schematic of the mechanism of active absorption during rehydration of
hydrogel particles with sample solution. (¢) Fluorescence microscopy images showing
streptavidin-Alexa Fluor 647 binding to hydrogel particle surfaces following active absorption.
Bright fluorescent rings around the particles shows streptavidin did not penetrate the hydrogel
particle matrix due to the hydrogel’s limited porosity. (d) Bright field microscopy images
showing dried hydrogel particles swelling in volume during rehydration, resulting in a 6.4x
volume increase. Scale bar = 50 um. (e) The fluorescence signal at a given concentration of

enzyme and (f) the percent positive dropicles increased with active absorption (n ~ 50,000).
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Figure 2-10 Change of particle size during the rehydration process of active absorption.
Dried particles (di = 16.3 = 1.6 um, n; = 446) swelled into hydrated particles (d> =30.3 +
2.4 um, ny = 269), yielding a 6.4-fold in the total volume of the spherical hydrogel
particles.
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Swelling particles absorb water and other aqueous content into their hydrogel matrix, but the
porosity of the hydrogel material prevents larger molecules and proteins from penetrating the
matrix. This can be visualized on the hydrogel particles used in this work by the rapid formation
of fluorescent rings when particles are incubated with fluorescent streptavidin (MW = 55kDa)
(Figure 2-9d). This behavior contrasts with the homogenous fluorescence across the particles when
filling with small dye molecules (MW = 244Da) not attached to proteins. As a result, during the
rehydration process when the hydrogel particles absorb water and swell in size, larger molecules
such as streptavidin and enzymes are driven onto their surface, achieving higher local

concentrations and effectively facilitating binding to particles (Figure 2-9b).

We performed a side-by-side comparison of unfacilitated binding with binding facilitated by active
absorption for digital counting of B-gal. Various concentrations of B-gal dilution were added to the
same numbers of hydrated and dried hydrogel particles and incubated on a rotating rack for the
same amount of time. The particles were then prepared for the standard FDG/fluorescein
compartmentalization, signal generation, and imaging. We observe increased sensitivity for assays
facilitated with active absorption binding, indicated by an increase in the fraction of positive
droplets for the same concentration (Figure 2-9¢). For concentrations beyond the digital counting
regime, the increased binding yielded an increase in the fluorescence signals among all droplets in
the same reaction. This indicates a potential to leverage the volume elasticity of hydrogel particles

to effectively increase sample concentration, and lower limits of detection.
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2.4 Discussion

2.4.1 The hydrogel particle-based workflow

In this work we demonstrated a lab-on-a-particle approach to digital counting of single enzyme
molecules, leveraging the hydrophilicity of hydrogel particles to act as wick to drive flow to the
particle surface, the solid particle surface as a support for immunocomplexes and a boundary for
uniform droplet generation with random mixing. The combination of these features effectively
reduces the need for microfluidic components for the creation of homogeneously sized partitions.
Thus, the burden of microfluidics falls solely on the initial generator of hydrogel particles. Once
supplied particles, the end user can perform digital affinity assays with standard benchtop

techniques like pipetting and centrifugation.

Besides a streamlined workflow, the hydrogel particle approach also overcomes the limit of double
Poisson loading, since the process of templated emulsion is not governed by Poisson statistics. In
fact, leaving as little aqueous solution as possible to the particle suspension before emulsification
is preferred for better emulsion results. We have also found the reliability of the emulsion results
depends on the intensity and length of agitation, the volume ratio of the aqueous and oil phases,
and the surfactant constituents in aqueous and oil phases. Additionally, this approach to batch
emulsification and processing is highly scalable, where to increase the number of desired droplets,

the user only needs to increase the number of template particles.

The hydrogel materials of these particles allow the physical and chemical properties of the particles
to be customized for the specific need of the assays. The biotin conjugation moieties in this work

could be swapped into other common functional groups such as succinimides, aptamers, nucleic
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acids, and antibodies. Multiplex labeling and barcoding could be integrated into the particle matrix.
The porosity and rigidity of the particles could also be controlled by the selection of hydrogel

matrix.

2.4.2 Digital enzyme counting on particles

When demonstrating digital counting of B-gal enzymes with enzymatic signal amplification in
particle templated emulsions, we noticed a reduced experimental compared to theoretical AEP.
Similar observations were reported in other studies on digital protein counting’?%%. Since a linear
correlation was observed between the experimental and theoretical AEPs regardless of the shift,
we hypothesize that this shift reflects either a loss of molecules when streptavidin-f-gal was
incubated with particles for binding, or amid the agitation process during emulsification. The
increase in sensitivity achieved by using active absorption supports this interpretation that loss of

target molecules occurs during the incubation step.

Besides loss of target molecules, another factor limiting the sensitivity of particle-based enzyme
counting is the capacity of imaging analysis. Although 500,000 dropicles were formed, only
~50,000 ended up imaged with the current microscopic set up. Limits of detection and quantitative
accuracy could be improved if the emulsified particles are analyzed with high-throughput flow
cytometers capable of processing 500,000 or more dropicles, as this will help decrease the Poisson
noise from false positive counting®®#’. These cytometers are often equipped with more sensitive
detectors like photomultiplier tubes that will also help further distinguish positive and negative

48,49

signals. While others have analyzed double emulsions in flow cytometers since dropicles are

supported by a hydrogel particle core they may be more likely to sustain fluid shear stresses in a
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flow cytometer that can operate with an oil continuous phase, for example the On-Chip Sort*°.
Ultimately, we envision the hydrogel particles can be produced at centralized sites and
conveniently distributed to enable highly sensitive immunoassays for various biomarkers. No
significant changes in the physical and chemical properties of the particles were observed when
stored for up to 3 months at 4°C in a buffered aqueous solution. We have also explored alternative
storage conditions such as ethanol and lyophilized. Together these capabilities lay the groundwork
for a minimally instrumented and accessible “lab-on-a-particle” solution to the analysis of

molecules®! and cells®? at the ultimate limits of biology.
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Chapter 3 . Workflow Automation: A Ferrobotic System for Automated Microfluidic

Logistics

3.1 Introduction

The advent of Industry 4.0 is pioneered by automated guided vehicles (AGVs) that are widely used
in distribution and supply chain logistics to perform autonomous, accurate, and consistent cargo
transportation while reducing transit times and labor costs!. The flexibility and scalability of such
mobile automated systems, in conjunction with their ability to assign specific tasks to individual
vehicles cooperating in a large network, provide new degrees of automation in comparison with
physically constrained conveyor belt or forklift-operated systems®>. The same degrees of
automation are poised to revolutionize applications such as medical diagnostics**, -omics®”, drug
development®, and chemical/material synthesis’. In that regard, the full potential of these
applications can be unlocked by adopting solutions centering on microfluidic logistics, herein
defined as the detailed coordination of diverse, large-scale, and small-volume fluid handling

operations to perform a plethora of sample processing and analysis tasks.

To this end, conventional continuous-flow microfluidic systems have shown high throughput and
robust fluid handling capabilities'®'2. However, their predefined fluid pathways and geometrically
constrained operations severely limit their adaptability and automation, imposing the same
limitations as conveyor belt systems within larger-scale settings. Aiming to resolve such
constraints, digital microfluidic actuation techniques such as electrowetting-on-dielectric (EWOD)
have emerged, capable of transporting discrete droplets on an open surface in a programmable

fashion'3"15. However, inherent limitations of EWOD devices, stemming from the reliance on
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direct interactions between the solution and the electrified surfaces, can restrict their service life

and compatibility with other peripheral components, thus narrowing their application diversity'®!”.
Here, inspired by the transformational impact of automated guided robotic systems on the
manufacturing and distribution industries, we devised a robotic system that uses a network of
individually addressable robots, each performing designated micro-/nanofluid manipulation-based
tasks in cooperation with other robots. As illustrated in Figure 3-1A, analogous to a standard AGV
system—which consists of three primary entities, including a navigation floor, an electric motor,
and a cargo carrier for package delivery—our robotic system can be described as: (i) an
electromagnetic (EM) navigation floor, which can be programmed to establish localized EM fields
in an addressable matrix of coils; (ii) a millimeter-scale permanent magnet as a motor, the
movement of which is controlled by the activated EM field(s); and (iii) a ferrofluid droplet carrier,
encapsulating the bio/chemical sample of interest (i.e., the “package”) that is set in motion upon
experiencing strong body forces originating from the interaction of the ferrofluid’s magnetic

nanoparticle constituents with the motor’s magnetic actuation field.
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Figure 3-1 Overview of ferrobotic system concept and mechanism. (A) An analogy: Mobility
and automation in an AGV system and the devised ferrobotic system. (B) Simulation results
depicting the amplification of the actuation capability with the magnetic motor (the x axis is the
vertical distance from the center of the magnetic source). (C) Optical image of a representative
multifunctional ferrobotic system capable of performing diverse operations, including droplet
package transportation, merging, generation, filtration, dispensing, and sensing. Rendered

images of the droplets are for illustration purposes only (droplets can form hemisphere or disk-



Effectively, the devised design leverages EM induction to achieve scalable control, and an
intermediary EM-controlled permanent magnet to amplify the actuation field exerted on the
ferrofluid (Figure 3-1B). In this way, we overcame the fundamental limitations of previously
reported magnetic digital microfluidics, which used complex translational stages and bulky
magnets that were not portable'®!* or EM coils?*?! that lacked the ample driving forces to execute
efficient fluid operations. The addressability and strength of the ferrofluid actuation enable new
degrees of mobility and automation central to the devised robotic system, hereafter referred to as

“ferrobotic system.”

The contactless and high-strength nature of the ferrobotic actuation mechanism inherently renders
it rapid, repeatable, and robust. These traits, together with the reconfigurability of the ferrobotic
system, can be exploited to integrate passive and active functional components to implement
advanced and diverse microfluidic operations (e.g., droplet dispensing, generation, merging, and
filtering) besides basic transportation operations (Figure 3-1C). Depending on the objective at hand,
a set of these operations can be combined within a disposable microfluidic architecture to deliver

versatile system-level microfluidic functionalities.

This high degree of robustness and the individual addressability of ferrobots can be in turn
leveraged to deploy a network of ferrobots that carry out generalizable cross-collaborative
objectives, centering on microfluidic logistics, such as fluidic package sorting. To illustrate the
utility of the ferrobotic system in diverse application spaces, we specifically applied this system to
execute a set of cross-collaborative and diverse operations toward the quantification of active

matrix metallopeptidases (MMPs; a biomarker for cancer malignancy and inflammation) in human

68



22-24

plasma““~“*, where its reconfigurable functionality and teamwork capability converged to

implement a fully automated assay.

3.2 Materials and Methods

3.2.1 Materials for the ferrobotic system

The ferrofluid used in this work refers to ferumoxytol, a U.S. Food and Drug Administration—
approved intravenous iron preparation also referred to as Ferraheme (AMAG Pharmaceuticals,
MA, USA). Rare earth permanent magnets (D101, 0.8 mm in thickness and 2.54 mm in diameter)
were purchased from K&J Magnetics (PA, USA). All microfluidic devices were filled with
fluorinated oil (Novec 7500 Engineered Fluid, 3M, MN, USA) containing 0.1% biocompatible
surfactant (Pico-Surf 1, Sphere Fluidics, NJ, USA). The design and fabrication of the microfluidic

devices and the EM navigation floor are described in detail below.

3.2.2 EM navigation floor circuit design

The EM navigation floor on the PCB comprised an active matrix array of 32 EM coil elements by
32 EM coil elements. Each element had a three-turn coil with a size of 1.5 mm by 1.5 mm stacked
on three layers. Adjacent coils were separated by a gap of 0.1 mm, together, giving a total active

area of the navigation floor of 51 mm by 51 mm.

Each coil element can be activated when powered by a 0.2-A current, generating a localized
magnetic force that attracted the magnetic motor. The specific coil selection was achieved by

programming power switch ICs, including MAX14662 (Maxim Integrated, CA, USA) for row
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selection and MC33996 (NXP Semiconductors, Netherlands) for column selection in the
navigation floor. The target EM coil was selectively actuated when the corresponding row and
column lines of its coordinate were activated by switch ICs. Switch ICs were linked by serial
peripheral interface (SPI) wires to Arduino Nano, which communicated with a computer through
serial communication. Target coordinates preprogrammed or sent from the user interface in the
computer were translated to SPI commands by the MCU and then transmitted to switch ICs for

addressable activation of the EM coils.

The navigation floor was powered by an external power supply (Keithley 2230-30-1, Tektronix,
OR, USA). A DC current source was used for EM coil activation, and the total current I followed

the equation: [ = 0.2 A x N (N is the number of activated coils).

3.2.3 Microfluidic device fabrication

Similar to previous work>’, functional microfluidic devices were created by assembling several
layers of double-sided tape (170 um thick, 9474LE 300LSE, 3M, MN, USA) and transparent
polyethylene terephthalate (PET) film sheets (416-T, MG Chemicals, BC, Canada). Microchannels
and VIAs (i.e., holes vertically passing through the sheets) were created by laser cutting (VLS 2.30,
Universal Laser System, AZ, USA) two-dimensional (2D) patterns within the tape and the PET
substrates. Through the alignment of vertical VIAs and microchannels, fluidic connections in both
horizontal and vertical directions were achieved, rendering functional 3D microfluidic structures.
In some devices, PET sheets were selectively patterned with gold electrodes before assembly. The

electrodes were fabricated on PET substrates by photolithography using positive photoresist
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(AZ5214E, MicroChemicals, Germany), followed by the evaporation of 20 nm of Cr and 100 nm

of Au. After deposition, a lift-off step was performed in acetone.

3.2.4 EM field simulation

To investigate and model the effect of an intermediary permanent magnet on amplification of the
actuation magnetic field, we used finite element analysis (COMSOL Multiphysics 5.2, MA, USA)
to perform EM simulations. In the simulation setup, magnetic and electric field physics were used
in an air environment. The simulation used the same EM coil and permanent magnet dimensions
as the experimental setup (fig. S1). The magnetization of the permanent magnet was set according
to the product description (278.9 kA/m in axial direction), and the intensity of actuation for the

DC current was set as 0.2 A. The magnetic flux density profile was generated on the x-z plane.

3.2.5 Maximum transportation velocity characterization

A microfluidic device with a 40-mm-by 40-mm-by 1.5-mm inner chamber was fabricated,
assembled, and filled with oil. The device was placed 2 mm above the navigation floor. A magnetic

motor was placed on top of the navigation floor and below the microfluidic device.

Ferrofluid droplets with volume gradients of 0.5 to 10 ul (0.5, 1, 2, 4, 6, 8, and 10 pul) and two
different concentrations (100 and 50% ferumoxytol dilution in deionized water) were loaded in the
microfluidic chamber. These droplets moved along with the ferrobot, which was sequentially
guided by the EM coils actuation in one row from left (y = 1) to right (y = 32). The velocity of the
ferrobot was controlled by adjusting the time interval between activating two adjacent coils. If the

ferrofluid droplet followed the magnetic motor to the end successfully, then the velocity of the
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magnet would increase by shortening the actuation time interval (by 1 ms) in the next round until

the droplet failed to follow the magnet.

3.2.6 Characterization of the long-term and oscillatory ferrobotic transportation

A microfluidic device with a 20-mm by 20-mm by 0.7-mm chamber was fabricated and assembled,
with a pair of gold electrodes deposited on the substrate as an impedance sensor. A 2-ul ferrofluid
droplet was loaded in the oil-filled microfluidic chamber. A magnetic motor was periodically
actuated to carry the droplet back and forth between two locations (0.1 Hz). In each cycle, the
droplet was first carried away from the sensing electrodes, consequently raising the impedance
signal, and then carried back in contact with the electrodes, causing the impedance signal to drop.
These actions were repeatedly performed for more than 100,000 s to finish 10,000 cycles. The
electrodes were connected to a potentiostat (CH Instrument 660E, TX, USA), and impedance (at

1 kHz) was measured between the two electrodes.

3.2.7 Droplet dispensing setup and procedure

Microfluidic devices (20 mm by 40 mm by 0.7 mm) with corrugated wall structure on one side
were fabricated and assembled. Six devices with same corrugated opening length (3 mm) and
different opening widths (0.4, 0.6, 1.0, 1.2, 1.4, and 1.8 mm) were tested. A 10-ul parent ferrofluid
droplet was loaded in each microfluidic device filled with oil. During the experiment, the parent
ferrofluid droplets were transported along the corrugated structures, leaving dispensed droplets in
corrugated openings. The sizes of the five dispensed droplets were measured through image

analysis.
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3.2.8 Droplet generation setup and procedure

Multilayer microfluidic devices with a vertical orifice junction in the middle PET layer (800 um
above the bottom surface) were fabricated and assembled. Different vertical orifices were
fabricated by laser cutting and measured under the microscope, resulting in diameters from 80 to
310 um. A 4-pl parent ferrofluid droplet was loaded in the upper layer of the microfluidic device.
During the experiment, the droplet was transported to the vertical orifice junction by a ferrobot
and stayed static for 4 s. The diameters of the generated small droplets were measured under a
microscope, and volumes were calculated on the basis of the equation of a sphere. The number of

droplets was counted for generation rate characterization.

3.2.9 Microfluidic sample filtration setup and procedure

A microfluidic device with a circular polycarbonate membrane incorporated in the top layer
(PCTF10047100, Sterlitech, WA, USA) was fabricated and assembled. Monodisperse polystyrene
microspheres (25-um diameter; 24811-2, Polybead, PA, USA) were added in the ferrofluid
solution for the experimental characterization of filtration. The sample was diluted from an initial
concentration (5.69 x 106 beads/ml) to 8 x 104 beads/ml by ferrofluid. At the start, 1 pl of the
bead-containing sample was dropped on the filter membrane. Then, the ferrobot moved to the
droplet, located under the membrane region, and remained there for about 10 s until the entire
droplet passed through the filter. The number of beads was counted under the microscope before

and after filtration.
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3.2.10 Droplet merging and mixing setup and procedure

A microfluidic device with patterned electrocoalescence electrodes (area of 2 mm by 2 mm, spaced
1 mm apart, thicknesses of 20 nm of Cr and 100 nm of Au) on the PET substrate was fabricated
and assembled. Two 2-pl ferrofluid droplets (10% ferumoxytol solution containing either green or
red food dye) were loaded in the oil-filled device. The ferrobot delivered the two droplets at the
vicinity of the actuation electrode. DC voltage (2 V) was applied between the two electrodes,
causing the droplets to merge. Afterward, the ferrobot either kept the droplet static (shown as “w/o
active mixing condition” in Fig. 3L) or induced chaotic motion by the actuated neighboring EM
coils within the confines of the coil’s coordinates at a frequency of 10 Hz in a cyclic fashion (shown
as “w/ active mixing condition” in Fig. 3L). A video recording was taken of the merging process,

and the level of mixing was calculated through image processing as discussed below.

3.2.11 Mixing index calculation through image analysis

To quantify mixing efficiency, we characterized the merging of two packages with different colors
(red food dye and green food dye in 2 pl of 10% ferrofluid droplet) with or without active mixing.
The microfluidic region containing merged droplet was video-recorded, and the corresponding
video frames were imported into a MATLAB (Mathworks, MA, USA) in [R, G, B] vector format.
Image analysis was performed at droplet region. Similar to previous work>, a mixing index is

defined, as expressed below

1 ZN (c—cave)?

N—-1 i=1 2

Mixing index = 1 —
Cave
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where N, ci, and cave are the total number of pixels, the [R, G, B] values at pixel i, and the average

[R, G, B] values over N pixels, respectively.

3.2.12 Package-sorting setup and procedure

To implement the sorting of multiple ferrofluidic packages, we fabricated a PCB navigation floor
composing of an EM coil array (9 rows and 120 columns) and switch ICs. A microfluidic device
with a 20-mm by 120-mm by 0.8-mm inner chamber was fabricated, assembled, and filled with
oil. Eight ferrofluid droplets of different volumes (sequentially increasing from 0.5 to 4 ul) were
loaded into the chamber and lined in a random order. One ferrobot was placed under each ferrofluid
droplets. A top-view image of droplets was acquired and processed by a MATLAB script to
identify the droplet sizes and positions, followed by the computation of a navigation plan according
to the merge sort algorithm. An on-board microcontroller implemented the navigation plan, which
it received through serial communication, by actuating the EM coils according to derived
trajectories. The design of the navigation plan took into consideration the maintenance of an
interferrobotic distance of 11 mm (seven EM coils apart) to avoid interferrobotic magnetic

interference.

3.2.13 Implementation of the pipelined and automated bioassay with the ferrobotic system

A microfluidic device with a source well array, an input well, a dispenser array, a waste chamber,
a pair of electrocoalescence electrodes (patterned across all the detection wells), a calibration well
array, and an output well was fabricated and assembled as shown in Fig. 5C. Three human plasma
samples, 7.2 ul each, spiked with collagenase (0.003, 0.009, and 0.012 U/ml, respectively;

Collagenase/Dispase, Sigma-Aldrich, MO, USA), were each mixed with 0.8 pl of ferrofluid and
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preloaded in the source well array. Four microliters of 10% (v/v) diluted MMP substrate (MMP
Red substrate, AAT Bioquest, CA, USA) in PBS containing 2% (v/v) ferrofluid was preloaded
into each of the calibration wells and the output well. The rest of the device was filled with oil.
Eight liters of a test sample (a mixture of 0.8 ul of ferrofluid and 7.2 pl of human plasma spiked
with collagenase at an arbitrary concentration) was pipetted into the input well. Thereafter, three
ferrobots collaboratively performed the sample processing steps of collection, dispensing, delivery,
and disposal for each source and test sample. During the sample droplet transportation, on rare
occasions, miniscule fractions of the sample break free as satellite droplets, but this artifact could
be ignored because the fractions constituted less than 0.5% of the original droplet volume (based
on image analysis). Each calibration well or output well ended up receiving two droplets of the
samples, respectively, from either the calibration source or the test sample. In situ construction of
a calibrator sample was achieved through delivering two different calibration source droplets into
one calibration well [e.g., in calibration well no. 2, collagenase with a concentration of 0.006 U/ml
would be made by delivering one droplet with a concentration of 0.003 U/ml and another with
0.009 U/ml]. To merge the delivered droplets with the preloaded MMP substrate, we applied a
voltage of 2 V across the electrocoalescence electrode pair. After 10 min of incubation, the
calibration well array and the output well were imaged using a Nikon Ti-E fluorescence
microscope equipped with a Photometrics Prime sCMOS camera (tetramethyl rhodamine
isothiocyanate channel, 1-s exposure). Images were processed using Image] and MATLAB to

quantify the mean fluorescence intensity in the regions of interest.
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3.2.14 MMP quantification with a conventional well plate reader

For MMP measurements using a conventional well plate reader, we used 100 pl of calibration and
test solutions (a mixture of 50 pl of human plasma spiked with collagenase of various
concentrations matching the corresponding ferrobotic experiments and 50 pl of a 1% MMP
substrate diluted in PBS). The measurements were performed by a BioTek Cytation 5 Imaging

Reader using Aex = 540/20 nm and Aem = 590/20 nm for 2 hours with lids on.

3.2.15 Human plasma sample

All blood samples were obtained following University of California, Los Angeles, Institutional
Review Board (IRB)—approved protocol IRB no. 11-001120 and deidentified. Upon collection,
blood was centrifuged using an Eppendorf 5417R Refrigerated Centrifuge, and the supernatant

was frozen at -20°C in small aliquots until used.

3.3 Results

3.3.1 Amplified addressable EM actuation

By using the EM coil matrix as the addressable actuator and the millimeter-scale permanent
magnet as the magnetic field actuation amplifier, we could realize robust ferrobotic fluid
operations within a compact footprint. As seen in the magnetic field simulation results, illustrated
in Figure 3-1B and 3-2, the incorporated permanent magnet amplifies the actuation magnetic field
by approximately two orders of magnitude (generated from passing a 0.2-A DC current through
the EM coil). In this way, high-force actuation of relatively dilute magnetic solutions and/or

smaller fluid volumes was achieved, rendering robust fluid transportation. Fluid transportation is
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the ferrobotic system’s core functionality, where an encapsulated package within the ferrofluidic
carrier can be directed by the sequential activation of the EM coils along a desired route on the

navigation floor.

The navigation floor was fabricated on a multilayer printed circuit board (PCB), which at its core
is composed of a matrix of 32 by 32 EM coils, where each element is realized as a three-layered
spiral structure (Figure 3-2). The multilayer implementation allows the proportional increase of
the localized EM induction capability of each element for ferrobot attraction. To activate these
elements in an addressable manner, we incorporated two integrated circuit (IC) switches in the
PCB for row and column selection (Figure 3-3A, B), which are connected to external power
sources and controlled by a microcontroller unit (MCU). Depending on the task at hand and by
programming at the MCU level, these coils can be sequentially and/or simultaneously activated to
engineer the desired paths for a single or multiple ferrobot(s). To illustrate this feature, we
programmed the MCU to navigate single ferrobots through U-, C-, L-, and A-like routes (Figure
3-3C), as well as four ferrobots to simultaneously trace the perimeter of a square-like route (Figure

3-4). In all scenarios, the ferrobots successfully carried their designated loads.

As shown in Figure 3-3D and 3-5, with the devised approach, maximum droplet transportation
velocities on the order of 10 cm/s could be achieved. The maximum velocity of the droplet initially
increased along with its size, showing the dominance of the driving magnetic force on relatively
small droplets. The following decrease in maximum velocity illustrates the increased dominance

of frictional forces beyond a certain droplet size.
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Figure 3-2 EM-coil geometry and magnetic field simulation. Oblique (A), top (B) and side (C)
view of the EM-coil’s geometry. (D) COMSOL simulation results of the spatial gradient of the
magnetic field with and without the magnetic motor (i.e., the ferrobot). The x-axis is the distance
from the magnetic source center along the z-axis. (E,F) magnetic field intensity (E) and spatial
gradient of the magnetic field (F) in x-z plane in the absence of the ferrobot. The dashed lines
outline the boundaries of the microfluidic chamber. (G) spatial gradient of the magnetic field in
x-y plane (1 mm above the coil) in the absence of the ferrobot. (H,I) magnetic field intensity (H)
and spatial gradient of the magnetic field (I) in x-z plane in the presence of the ferrobot. The
dashed lines outline the boundaries of the microfluidic chamber. (J) spatial gradient of the
magnetic field in the x-y plane (I mm above the coil) in the presence of the ferrobot.
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Figure 3-3 Design and characterization of the navigation floor for package transportation. (A)
Schematic diagram of the control circuitry. (B) Optical image of the implemented control
circuitry and the navigation floor with the close-up view of four neighboring EM coils. (C)
Overlaid sequential images (derived from video frames) visualize the commuted path of the
ferrobot (programmed with different navigation plans; the durations for commuting “U,” “C,”
“L,” and “A” paths were correspondingly 1.4, 1.4, 0.7, and 2.3 s). (D) Characterization of the
maximum transportation velocity for two different ferrofluid concentrations. Error bars, SE (n =
3). (E) Characterization of the oscillatory transportation of a package with a ferrobot (sensed with
an impedance sensing electrode pair) to evaluate the robustness of the ferrobotic actuation
(performed for >24 hours). (F) FFT analysis of the oscillatory profile measured by the impedance
sensing electrodes in part (E). Inset shows variation of the fundamental frequency of the 2000-s

segmented time windows, depicting near-zero variation.
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The same trend was observed for a more diluted ferrofluid concentration (50% dilution by volume,
also shown in Figure 3-3D). Here, the droplet volume characterization range was chosen on the

basis of the envisioned microfluidic droplet applications (e.g., the MMP assay).

The contactless aspect of the actuation mechanism (i.e., no ferrobotic surface interaction with the
package or the surrounding fluid) inherently renders it repeatable and durable, in contrast with
contact-based EWOD actuation that is susceptible to surface degradation!®!7?>2. To demonstrate
the durability of our ferrobotic system, we performed an illustrative continuous characterization
experiment, which involved a 10,000 cycle automated oscillatory transport (frequency, 0.1 Hz) of
a package over a duration of >24 hours (Figure 3-3E). Specifically, the ferrobot was programmed
to automatically move in and out of contact with an impedance sensing electrode pair (fig. S4A)
patterned on the substrate of a microfluidic chip. The electrodes were used to continuously track
the entrance/departure of the package through monitoring the impedance signal change
(correspondingly leading to an increased/decreased measured impedance, annotated in green/red,
Figure 3-3E). Fast Fourier transform (FFT) analysis of the continuously recorded data (Figure 3-
3F) yielded an output fundamental frequency of 0.100 Hz, which matches the input actuation
frequency at the MCU level. Furthermore, the detailed FFT analysis of the 2000-s segmented time
windows yielded less than 0.01% variation in the motion frequency of the package. We also
performed oscillatory droplet transport experiments at 1 Hz with water- and plasma-based droplets
(more than 1000 cycles). The FFT analysis, shown in Figure 3-6 (B, C,) indicates that repeatable
oscillatory motions were achieved for both droplet samples. Beyond ~10 Hz, the droplet cannot
be effectively manipulated because this leads to a velocity that exceeds the maximum velocity

threshold.
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Figure 3-6 Impedance spectrum measured by the impedance sensing electrode pair.
(A) The impedance spectrum shows distinct impedance differences when the
ferrobot is present vs. not present (inset shows the droplet position with respect to
the sensing electrodes for the corresponding measurements). (B, C) Corresponding
FFT of the impedance measurements tracking the oscillatory motion (1 Hz, over
1000 cycles) of the droplet with compositions: (B) 50% ferrofluid (diluted in water)
and (C) 50% ferrofluid (diluted in plasma).
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3.3.2 Functional components for advanced operations: Droplet dispensing, generation, merging,

and filtration

The high-strength and contactless aspects of the devised actuation mechanism can be exploited to
conveniently interface the loaded package with different passive and active peripheral components
and microfluidic structures in all three spatial dimensions, thus enabling operations of interest in a
reconfigurable manner. For example, by carrying the package against a corrugated microfluidic
structure formed in the x-y plane, droplet dispensing was achieved. Moreover, by delivering the
droplet package within a multilayered chamber and through vertical interconnect access (VIA) and
membranes along a z axis, droplet generation and filtering can be realized. Furthermore, without
causing physical/field interference, droplets can be delivered to active electrofluidic interfaces to

render complementary actuation mechanisms such as electrocoalescence for droplet merging.

Droplet dispensing is a precise liquid-handling capability that is useful for applications such as
drug discovery, quantitative biology, and chemical analysis?’?®. To implement the dispensing of
uniformly sized droplets with the ferrobotic system, we used a microfluidic architecture with a
corrugated wall structure. As demonstrated in Figure 3-7A, a “parent” droplet package was guided
by a ferrobot underneath the microfluidic chip. When it was transported along the corrugated
structure, smaller “child” droplets were dispensed. As shown in Figure 3-7B, the parent droplet
started moving along the corrugated wall at t =0 s. After the droplet passed the corrugated structure
att=1 s due to geometric pinching, a small volume of the droplet broke away from the parent and
entered the structure. The corrugated structure can be extended into an array format to dispense
multiple droplets. As shown in the final step of Figure 3-7B, three homogenous droplets (1.63 +

0.09 ul) were dispensed.
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Figure 3-7 Demonstration and characterization of advanced operations achieved with functional

components. (A) Schematic illustration of the droplet dispensing mechanism involving the
transportation of the package against a corrugated microfluidic wall. (B) Sequential optical images
of the droplet dispensing process. (C) Characterization of the dispensed droplets’ size for different
corrugated opening widths. Error bars, SE (n = 10). (D) Schematic illustration of the droplet
generation process involving the droplet transportation to a VIA-like orifice. (E) Sequential
optical images of the droplet generation process. (F) Characterization of the generated droplets’
volume for different orifice diameters. Error bars, SE (n = 20). (G) Schematic illustration of the
filtration mechanism. (H) Optical image of the solution sample before and after filtration. (I) Bead
counts before and after filtration (three trials). (J) Schematic illustration of droplet merging and
mixing mechanisms. (K) Optical images to visualize the droplet merging (upon applying 2 V) and
mixing process (with and without active mixing). (L) Comparison of the progressive mixing index
for the two cases of with and without active mixing.
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To study the level of control that our system has on the dispensed droplet sizes, we designed and
tested various corrugated-opening widths. The results show that by increasing the corrugated-
opening width, the dispensed droplet volume could be modulated from 0.5 to 4 ul (Figure 3-7C).
The same trend was observed for diluted ferrofluid concentrations (10 and 50% dilutions by
volume; Figure 3-8). If larger dispensed droplet volumes are needed, then a larger magnet in

addition to an enlarged corrugated-opening width may be required.

Furthermore, higher throughput and smaller volume droplet generation can be realized by
incorporating an orifice-like VIA connecting neighboring layers in a multilayer microfluidic
architecture. As schematically illustrated in Figure 3-7D, when the parent droplet is guided through
the upper layer to the top of the orifice, it is attracted toward the lower layer by the vertically
exerted magnetic force from the ferrobot. Every time a critical volume of the droplet passes the
orifice, it breaks off into a child droplet. As shown in Figure 3-7E, the following sequential events
occur: (i) the transport of the parent droplet (in the upper layer) to an orifice; (ii) the positioning
of the parent droplet on the orifice to generate child droplets; and (ii1) the departure of the parent
droplet, leaving behind the generated child droplets (in the lower layer). By adjusting the width of
the junction orifice, the droplet volume (~10 to 125 nl) and the generation rate can be tuned (Figure
3-7F and 3-9). Such nanoliter-generated droplets can also be further manipulated by the ferrobot

(Figure 3-10).
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Figure 3-8 Dispensed droplet characterization. Characterization of the dispensed
droplets’ size for different corrugated opening widths and using two ferrofluid

concentrations. Error bars indicate standard error (n = 10).
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Figure 3-9 Droplet generation characterization. (A) Optical microscopic images of
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Figure 3-10 Collective transportation of nL-droplets by a ferrobot. Sequential
imaging indicates the collection and transportation of generated nL-droplets by a

ferrobot through a 2 mm-wide x 1mm-long pore.
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Microfluidic filtration is one of the key sample processing procedures required for applications
such as cell separation’*>°. Here, by incorporating a membrane between the two layers of the
microfluidic device, size-based filtration was realized. As schematically shown in Figure 3-7G,
the contactless magnetic force exerted by the ferrobot causes the droplet to be pulled through the
filter to the lower layer, leaving behind particles that are too large to pass through. Specifically,
here, a membrane with a size cutoff of 10 um was used to filter out p-beads with a diameter of 25
um. To quantify the filtration capability, we optically imaged the ferrofluid droplet before and
after the filtration procedure. As can be seen from Figure 3-7H, 25-um p-beads can be observed
in the droplet before filtration and are subsequently filtered out, as evident from the postfiltration

optical analysis results (three trials; Figure 3-71).

Droplet merging allows for timed and metered addition of reagents and can play a critical role in
performing droplet-based biological assays that aim to measure DNA/RNA, protein, and cell
properties in samples®!*>. Here, to achieve the merging of droplets in the ferrobotic system, we
leveraged electrocoalescence as a complementary actuation mechanism, which is noninterfering
with the contactless ferrobotic actuation (Figure 3-7J). Accordingly, electrocoalescence is realized
by applying 2 V across a pair of gold electrodes (2 mm by 2 mm, spaced 1 mm apart, patterned on
the substrate of the microfluidic device). Figure 3-7K show that upon applying 2 V, two droplets
delivered in the vicinity of the electrodes coalesce. To achieve homogeneous and evenly
distributed droplet contents after merging, chaotic fluid motion within the merged droplet can be
induced by actuating neighboring EM coils with a frequency of 10 Hz in a cyclic fashion, resulting
in an oscillatory motion of the ferrobot within the confines of the coil’s coordinates. This cyclic

motion creates folding flows in alternating directions to effectively render mixing. Figure 3-7K
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visually demonstrates the substantial effect of the devised active mixing on shortening the time
required to achieve homogeneity in a merged droplet. To quantify this effect, we performed optical
analysis on the merged red/green droplet by defining a mixing index. The results are illustrated in
Figure 3-7L, demonstrating that a near-homogenous profile is achieved within ~15 s using active

mixing, which is substantially shorter than without active mixing.

3.3.3 Efficient achievement of objectives with a cross-collaborative network of ferrobots

The robustness and addressability of the ferrobotic system can be leveraged to deploy fleets of
ferrobots to dynamically accomplish collaborative tasks in parallel toward the more efficient
achievement of a common objective. Here, as an example, a package-sorting mission is assigned
to the ferrobotic system, where the objective is to sort randomly sequenced packages into a sorted
sequence of increasing droplet volumes. Figure 3-11A illustrates the system-level view of the
sorting procedure, which includes (i) loading of multiple packages of various sizes into the
ferrobotic system with random relative positions; (i1) top-view image acquisition of the packages
on the navigation floor to identify the package sizes and positions; (ii1) computationally deriving
the navigation plan to formulate the detailed tasks for the ferrobots in accordance to the “merge
sort” algorithm?®® and the acquired size and position information; and (iv) communicating the
corresponding assigned tasks for each of the ferrobots with the aid of the on-board microcontroller
to achieve the overarching sorting objective. To particularly demonstrate the degree of efficiency
that can be attained when deploying a cross-collaborative network of ferrobots, we compared the
n-package sorting performance achieved by a team of n ferrobots against that achieved by a single
ferrobot on the basis of the completion time (as detailed in Figure 3-11B, C, for an illustrative case

of n =8).
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Figure 3-11 Efficient package sorting with a cross-collaborative network of ferrobots. (A)

System-level view of the sorting procedure. (B, C) Comparison of the sorting efficiency

achieved by (B) a single ferrobot and (C) eight ferrobots tasked with sorting a random sequence

of eight packages. State-by-state transitions for both scenarios are illustrated, and the left table

details the commuted distance of each ferrobot. The snapshots from the sorting experiment

performed with eight ferrobots are shown on the right (captured at the end of each state). (D)

The total temporal unit steps required for sorting 2, 4, 8, and 16 packages (based on statistical

averaging of all the possible permutations).
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When only one ferrobot is used for sorting, it is responsible for the delivery of all the packages by
itself. At each state (defined as the period during which the available ferrobot starts and finishes
one round of package delivery), only one package can be moved to its target location. To
quantitatively characterize the sorting efficiency, we defined a “unit step,” which equals to the
distance between two navigation coils, to measure the distance that the ferrobots will move. For
example, referring to Figure 3-11B, at state 1, the ferrobot moves eight unit steps (two vertical
steps and six horizontal steps) to deliver package 2 (“P2”) from position 8 to position 2. Because
only one ferrobot is performing the task, the “temporal steps” (number of steps, which determine
the maximum time elapsed over the course of a state) required to complete sorting are equal to the
total unit steps moved by the single ferrobot. In the example shown, it takes the single ferrobot a

total of 40 temporal steps to meet the sorting objective.

When multiple ferrobots are deployed (Figuer 3-11C), each ferrobot is charged with moving one
package, and they can move in parallel with other ferrobots during the same state (following the
computationally derived navigation plan in accordance with the “merge sort” algorithm; Figure 3-
12A). The corresponding experiment is visualized in Figure 3-11C (right). In this scenario, the
number of temporal steps for each state is determined by the maximum steps taken by a ferrobot
within the team because the ferrobots are delivering packages in parallel. For example, referring
to Figure 3-11C, in state 2, among eight ferrobots, one ferrobot moves zero steps, two ferrobots
move three steps, and five ferrobots move four steps, yielding four temporal steps for that state.
The total number of temporal steps to achieve the sorting objective is also equal to the sum of

temporal steps for each state, which is 13 for the illustrated example.

94



| | [ | [ | [ | . Single ferrobot
105 A . Multi ferrobots

Total temporal steps
~
o

35 4

1 2 3 45 6 7 8 0 -

4 8
Number of packages (n)

Figure 3-12 Merge sort algorithm and sorting performance for single vs. multi ferrobots. (A)
Representative schematic of the application of recursive merge sort algorithm to sort an array
of 8 integers. (B) The averaged total temporal unit steps required for sorting n =2, 4, 8, and 16
packages, performed with a single or n ferrobots (simulated based on 10,000 randomly

generated sequence of packages for each scenario, error bars indicate standard deviation).
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By comparison, for this illustrative example, sorting using multiple ferrobots results in about 300%
increased efficiency as compared with the single ferrobot case. This degree of improvement
achieved due to the deployment of a cross-collaborative network of ferrobots will be even higher
for the cases requiring sorting of a larger number of packages (i.e., larger n). That is because the
complexity of the mission at hand for the case of a single ferrobot increases as O(n2), whereas for
the case of multiple ferrobots, it increases linearly [i.e., O(n)]. To reinforce this point, as shown in
Figure 3-11D, we derived the total temporal unit steps for the cases of n = 2, 4, 8, and 16, based
on statistical averaging of all the possible permutations (consistent with the trend observed when
simulating 10,000 randomly generated sequences of n packages; Figure 3-12B). Together, the
results presented within the framework of this generalizable objective illustrate the utility of the
deployment of a network of ferrobots to achieve the objective at hand efficiently and the suitability

of the ferrobotic system for microfluidic logistics.

3.3.4 Application of the ferrobotic system to implement a pipelined and automated bioassay

Leveraging the demonstrated capability of the ferrobotic system to deliver advanced and cross-
collaborative operations, we implemented a pipelined and automated bioassay equipped with a
dynamic self-calibration mechanism as an example utility of the presented technology in diverse
application spaces centering on microfluidic logistics. Accordingly, the ferrobotic logistics were
adapted to quantify MMP concentrations in human plasma. MMPs are biomarkers extensively
studied and reported as immunological indicators, wherein the elevation of plasma MMP

concentration is associated with physiological and pathological processes such as cancer

22,2337 24,41 42,43

metastasis , sepsis onset>®*’, immune activation’**!, and wound healing

96



Figure 3-13A illustrates the workflow of the MMP assay, which is based on the fluorescent
quantification of the enzymatic activity of MMPs from a test sample (introduced into the input
well) and the calibrator samples indicated by the intensity of fluorescent signals. To realize an
automatic self-calibration mechanism, we used preloaded source samples (introduced at the source
well array, with known concentrations of the MMP collagenase) for the construction of calibrator
samples in situ, providing optional flexibility to dynamically construct new calibrator
concentrations (e.g., [C2] in Figure 3-13A). To facilitate optical readout, we preloaded a
fluorescence resonance energy transfer (FRET)-based MMP substrate in the calibration well array
and the output well (designated for test sample analysis). The self-calibration capability of the
assay establishes a standard curve in situ and concurrently with the testing assay, which is
particularly useful for mitigating systematic error typically associated with fluorescence

spectrometry and ensuring the accuracy of the measurements**,
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Figure 3-13 Pipelined and automated MMP assay performed by the ferrobotic system.

(A) General workflow of the MMP assay equipped with a dynamic self-calibration mechanism.
(B) Illustration of the ferrobotic tasks in relation to the navigation floor over the processing of a
representative sample (performed by three ferrobots). (C) Overview of the navigation plans of the

three deployed ferrobots (F,, F., and F,) with annotated locations of interest.
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The ferrobotic system was programmed to implement the steps of the automated assay within a
microfluidic architecture, including (i) sample collection, (i1) dispensing (to ensure uniform sample
volume), (iii) delivery, and (iv) merging (with the aid of an electrocoalescence electrode pair) and
mixing for sensing (Figure 3-13B). Specifically, three ferrobots (F1, F2, and F3) were used to carry
out the required tasks in a pipelined manner. The overview of the navigation plans of the three
ferrobots is shown in Fig. 5C. In this regard, ferrobot F1 is in charge of collecting and dispensing
the source and test samples into smaller uniform droplets. Ferrobot F2 is responsible for delivering
the dispensed droplets to the designated detection wells, and ferrobot F3 is tasked with removing
the dispensed droplet residues to the waste chamber. The detailed timeline of the task sequence
executed by each ferrobot in coordination with the other two ferrobots, along with representative

snapshots of the navigation floor status, are illustrated in Figure 3-13C, 3-14D.

Upon delivering the dispensed calibrator/test sample droplets to the calibration well array/output
well, the electrocoalescence electrode pair (a single pair patterned across all the detection wells)
is activated, merging the delivered droplets with the preloaded MMP substrate within each well
all at once. To achieve a homogenous mixture after merging, ferrobot F2 can induce a chaotic
internal flow. Upon merging and mixing of the samples with MMP substrate, enzymatic reactions
(Figure 3-14E) effectively commence at the same time, resulting in the generation of fluorescent
signal proportional to the respective MMP content in a well. The fluorescent signals are
quantitively analyzed by fluorescence microscopy. The linearity of the fluorescent signals with the
MMP content of a sample was validated by spiking collagenase in a phosphate-buffered saline
(PBS) buffer at different levels and reading out fluorescence after a 10-min incubation (Figure 3-

15).
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Figure 3-14 Pipelined and automated MMP assay performed by the ferrobotic system (cont’d).

(D) The detailed timeline of the ferrobots’ status (commuting with/without package, standby),

with annotated locations of interest. Overlaid sequential video frames illustrating the status at two

representative stages. (E) Illustration of the FRET pair from the MMP substrate cleaved by the

MMPs present in the sample to yield a fluorescent product that is no longer quenched. (F) The

fluorescent readouts [arbitrary fluorescence unit (AFU)] from the calibration and output wells

after automated ferrobotic processing and 10 min of incubation. The concentration of MMP in the

test sample is estimated with the aid of a real-time calibration standard curve generated from the

four calibrator samples [0.0078 U/ml (estimated) versus 0.008 U/ml (expected)]. (G) Estimated

MMP concentrations in five tested human plasma samples (performed by the ferrobotic system

and manually by a technician; P <0.01).

100



18000
= 12000 - ®
< -7
E R?> =097 ¢r
& 6000 A e

.70
./
O 1 I 1 I

0 0.005 0.01 0.015 0.02 0.025
Collagenase (U/mL)

Figure 3-15 Characterization of the MMP assay. The recorded fluorescence signals from

the calibration well array, where each well contains PBS dilutions of collagenase at different

end concentrations.
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To evaluate the analytical accuracy of the ferrobotic assay for measuring the MMP content in
human plasma, we used four calibrator samples with collagenase concentrations of 0.003, 0.006,
0.009, or 0.012 Wiinsch U/ml to determine the MMP concentration of a test sample (human plasma
spiked with MMP at a collagenase concentration of 0.008 U/ml). As illustrated in Figure 3-14F,
by referring to the real-time standard curve generated by the calibrator samples, the test sample
MMP content was measured to be 0.0078 + 0.0005 U/ml (based on 95% confidence interval). To
further evaluate the analytical performance of the ferrobotic assay, we analyzed four additional
test samples by the ferrobotic system and by a technician using manual pipetting steps and a plate
reader®. As shown in Figure 3-14G, the readouts obtained from the ferrobotic system closely
matched those analyzed using standard manual analysis (P < 0.01), which, in turn, illustrates the
successful execution of all ferrobotic instructions with a high degree of robustness and precision.
This pipelined assay exemplifies the capacity of the ferrobotic system to perform highly

quantitative biochemical processes with a high level of integration and automation.

3.4 Discussion

Inspired by the degrees of freedom achieved by the emergence of AGV robotic systems in terms
of mobility and automation, here we introduced and experimentally demonstrated the concept of
a ferrobotic system. Accordingly, an amplified addressable EM actuation mechanism is devised
for robotic guidance. The contactless (i.e., no ferrobotic contact with the package or the
surrounding fluid) and high-strength actuation mechanism inherently renders it rapid (10 cm/s),
repeatable (>10,000 cycles), and robust (>24 hours). These traits, together with the
reconfigurability of the system, enabled the implementation of advanced and diverse operations

through the integration of passive and active functional components. To this end, we designed and
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characterized droplet microfluidic operations—including dispensing, generation, merging, and
filtering—where the results indicated minimal undesired operational performance deviation.
Furthermore, we demonstrated the significantly elevated efficiency of the ferrobotic system for
microfluidic logistics applications by deploying a network of cross-collaborative ferrobots to
deliver an illustrative and generalizable package sorting objective. To showcase an application
where logistics of sample dosing, merging, and mixing are required, we leveraged the advanced
and cross-collaborative ferrobotic operations to achieve a pipelined and automated bioassay for

the quantification of MMPs in human plasma.

Collectively, our characterization results demonstrate precise, repeatable, durable, and cross-
collaborative ferrobotic operations in versatile settings. Although these operations were realized
with a 32-by-32 addressable navigation floor, the scale of the ferrobotic operations can be
expanded by simply adopting a larger navigation floor (requiring minimal reconfiguration of the
PCB, specifically, increasing the number of EM coils). In that regard, augmentation with image or
electrical ferrobot/droplet positioning sensing capabilities within the ferrobotic system will allow
for the implementation of a feedback control process as a corrective measure to ensure the
robustness of desired large-scale operations. Furthermore, the optical readout of the assay is
currently performed using a benchtop fluorescence microscope. Further automation and integrated
sample-to-answer solutions, especially in point-of-care settings, would benefit from integrated
low-cost readers leveraging consumer electronic devices*®. Alternatively, other assays could be
read using electrochemical sensors, which can be integrated onto the platform in a similar manner

as the electrodes used for electrocoalescence. Exploiting the ferrofluid biocompatibility*’#,
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fluorescence and electrochemical assays can be adapted for applications centering on cell and

nucleic acid analysis®.

On a broader level, adaptation of the ferrobotic system for translational applications necessitates
future and convergent designated efforts in microscopic and macroscopic domains toward
establishing a generalizable design space for the ferrobotic system. Microfluidic physics-focused
efforts are required to comprehensively model the underlying ferrobotic actuation mechanism and
understand its limitations in relation to relevant forces, scaling of dimensions (including magnet-,
droplet-, and microfluidic structure dimensions), fluidic properties, and other design parameters.
Furthermore, macroscopically, dynamic navigation planning algorithms are required to optimize
the performance of the cross-collaborative ferrobots toward the delivery of the required objective(s)
and in the presence of operational constraints (such as a ferrobotic “safety distance”). To this end,
readily developed models from the AGV community aiming to address issues such as layout
challenges, fleet management, speed/movement limitations, and optimization functions can be

adapted and applied within the framework of the ferrobotic system.

The versatility, scalability, and reconfigurability of the devised ferrobotic system allow for its
adaptation to perform diverse and massively parallelized and sequential microfluidic operations
relevant to diverse application spaces. By capitalizing on the high degree of automation that can
be achieved by the presented technology, large datasets can be generated to unravel complex
biological and chemical processes, seeding the transformation of the biotechnology industries and

mirroring the impact of the AGV robotic systems on their respective industries.
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Chapter 4 . Single Cell Profiling: Single-Domain Multiferroic Array-Addressable

Terfenol-D (SMArT) Micromagnets for Programmable Single-Cell Capture and Release

4.1 Introduction

Programmable multiferroic materials can enable a technological transformation in magnetic cell
separation, from bulk cell separation via coarsely applied external magnetic fields'* to single-cell
separation via localized and programmable magnetoelastic micromagnets.*® Over the past decades,
magnetic cell separation has been widely used to separate cells in bulk by binding
superparamagnetic beads to specific cell membrane proteins (Figure 4-1b).!%!! Once the cell
surface is functionalized with magnetic beads, an external magnetic field (H) can direct the bulk
migration of targeted cells in complex fluids (e.g., blood).'>!* However, new advances in cell

1417 can benefit from selection of individual cells based on

engineering for personalized therapies
their complex behaviors or time-dependent functions (e.g., cell-killing, secretion, motility),'%2
which may not be directly correlated to cell surface protein expression. Therefore, a new
generation of single-cell magnetic separation techniques is needed with precise and programmable
cell capture/release that is scalable across massive arrays.?**

The current landscape for magnetic cell separation consists of soft and hard magnetic materials.?’
Soft magnetic materials with a low coercive field (Hc) lack sufficient fields to capture cells
independently without an external inhomogeneous magnetic field (H).%® On the other hand, hard
magnetic materials with high H. lack programmability to release target cells for downstream

analysis.?’ The inability of prior techniques to change the intrinsic magnetic state nor modulate the

magnetic amplitude locally prevents arrayed programmability at the microscale.
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Figure 4-1 SMAIrT cell separation device concept and operation. (a) Schematics of coupling
multiferroic and magnetoelectric materials. Composite multiferroic heterostructure Terfenol-
D/PMN-PT combines ferromagnetic and ferroelectric materials to collectively achieve a
robust magnetoelectric effect. The underlying working principle is the converse
magnetoelectric effect which controls the magnetization in Terfenol-D via the induced strain
from the ferroelectric PMN-PT. The induced strain causes a magnetization change in the
magnetic material as a result of the inverse magnetostrictive effect, ak.a. Villari
effect.?>2° The phase control diagram in the center has been adapted from.> (b) Technological
development of magnetic cell separation over the past decades. (¢) Cross-sectional schematic
of SMATT micromagnet for single-cell separation via strain-mediated multiferroics to turn on

and off the capture and release of cells via voltage application to the device.
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We propose the usage of a composite multiferroic platform that utilizes the converse
magnetoelectric effect (see Figure 4-1a) to control magnetoelastic materials with programmable
and strain-tunable magnetization at the microscale. This approach presents an opportunity to

increase magnetic separation resolution to the single-cell level 3%

While magnetoelastic materials have been extensively studied in a range of energy efficient

3337 38-40 41,42

applications, including non-volatile memory, actuators, and transducers, attempts
toward cell manipulation have yet to be explored. Applying an initialization field (Hini:) to
sufficiently small (<1 um) magnetoelastic nanostructures produces single magnetic domains with
local stray fields (Hj) that can replace inhomogeneous external magnetic fields (H) for cell
capture.***> However, highly localized magnetic stray fields associated with typical single
magnetic domain nanostructures (<1 um) are insufficient for cell capture alone. Scaling up the

physical size of magnetoelastic nanostructures to the size of a single cell =10 um is required, but

the larger soft magnetoelastic structures produce multi-domain magnetic states rather than single
magnetic domains due to the energy competition between exchange energy and demagnetization
energy.*® These multi-domain states produce non-uniform magnetic stray fields, which is less
effective for single cell capture/localization (Figure S3, Supporting Information). Furthermore, the
complexity of multi-domain structures poses a challenge in reliably controlling the magnetic state
for targeted cell release (Figure 4d). Larger single-domain structures are needed for effective
magnetic cell trapping and manipulation due to the single-domain strong stray fields (Figure 2).
However, larger single domain structures have not been previously achievable with the current

magnetoelastic materials.
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In this study, we were able to achieve large single-domain states (20 um) that are capable of single-
cell capture with single-domain multiferroic array-addressable Terfenol-D (SMATrT)
micromagnets, an intermetallic compound with the highest magnetostrictive strain of any known
room temperature soft magnetoelastic material.*’” By coupling stress into these single-domain
Terfenol-D structures, we were able to alter their magnetic state and achieve single-cell release

(Figure 4-1c).

4.2 Materials and Methods

4.2.1 Terfenol-D film deposition, micropatterning, and characterization

Terfenol-D thin films (60 nm) were produced by DC magnetron sputtering using a Tbo.3Dyo.7Fe1.92
alloy target obtained from TdVib LLC. USA. Different types of substrates were used for depositing
the Terfenol-D films. Silicon wafers were used for determining the optimum properties of the
Terfenol-D film, transparent Sapphire wafers were used for XAS/XMCD studies in transmission
mode, and PMN-PT substrates with top and bottom electrodes were used for inducing strain to the
film through the application of voltage. The major sputtering process parameters used to produce
the Terfenol-D thin films were 250 Watts of sputtering power, substrate-to-target distance of 5.5
cm, an Ar gas pressure of 5 mTorr and substrate temperature of 250 °C. Following this deposition,
the film was post-annealed in-situ at 450 °C for 4 hours at a chamber pressure below 5 x 10 Torr
to create polycrystalline films. For XMCD-PEEM imaging, we used finely polished PMN-PT [011]
cut of 20 mm x 10 mm x 0.5 mm, with e-beam deposited 80 nm thickness of Al,O3; on the top
surface and Ti (5 nm)/Pt (50 nm) on bottom surface as a substrate to sputter deposit Ta/Terfenol-

D (60 nm)/Ta multilayers.
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Terfenol-D micropatterns were fabricated using a conventional photolithographic method
followed by Ar etching. The process consisted of spin coating of negative photoresist AZ nLOF
2020 onto the film surface followed by UV exposure using a Karl Suss mask aligner to transfer
the pattern from the mask by hardening the photoresist. The film with transferred pattern was
developed with AZ MIF 300 developer by dissolving the unexposed soft photoresist. After the
photolithographic process the film with hardened photoresist was loaded into STS-AOE etcher to
etch away the uncovered photoresist film region with Ar ions. The etched films were ultrasonicated
in acetone to remove the photoresist. Finally, the microstructures were characterized and used for

fabricating the single-cell separation devices.

The structural and magnetic characterization of the films and their microstructures were carried
out using several techniques. X-ray diffraction identified the film structure as face-centered cubic
based on its diffraction pattern (Figure 4-2a). Terfenol-D films on 4” diameter silicon substrates
were chosen to determine the residual stresses in the film using a wafer curvature method.
Crystallized Terfenol-D films showed a residual tensile stress of 70 MPa. A SQUID magnetometer
was used to determine the saturation magnetization M;, coercivity H. and remanence, M, of the
film as well as the microstructures. All the in-plane magnetization versus applied magnetic field
plots obtained for films on Si, sapphire and PMN-PT substrates demonstrated squareness (M,/Mj)
greater than 0.85 and M, around 700 kA/m. The coercive field value of the films on Si and sapphire
was H.~2300 Oe, whereas the film on PMN-PT H. ~3000 Oe. The large coercivity and remanence
values are largely attributed to the intrinsic residual stresses that arise during the deposition process.
The residual stresses produce a large magnetoelastic induced in-plane easy axis producing both

high coercivity and high remanence.
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Figure 4-2 Micropatterning and characterization of Terfenol-D microstructures. (a) X-ray

diffraction (XRD) pattern of the Terfenol-D film deposited on a Si substrate. (b) Scanning

electron microscope (SEM) micrograph of (b) 3 um diameter and (¢) 20 um diameter

microdisks.
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Scanning Electron Microscopy (SEM) imaging and Magnetic Force Microscopy (MFM) were used
to characterize the morphology and magnetic states of the microstructures respectively. The
spacing between 3 and 20 um diameter microdisks reduced strong dipole-dipole interactions
between neighboring disks to enable the magnetic capture of single-cells to a single Terfenol-D
microstructure. The disk geometric variations were less than 5% based on optical inspection and
measurement. The magnetic states of the 3 um diameter and 20 pm diameter microdisks were

imaged using MFM and XMCD-PEEM respectively.

4.2.2 XMCD-PEEM imaging of single-domain and multi-domain magnetoelastic microstructures

We used XMCD-PEEM to image the magnetic domains at the absorption edges of individual
elements in Terfenol-D microstructures. The experiment was conducted with PEEM-3
photoemission electron microscope at beamline 11.0.1.1. of the Advanced Light Source. Prior to
imaging, the sample was loaded into the high vacuum etching chamber for Ar ion sputter cleaning
to remove the 4 nm thick Ta capping layer and the top few nm of Terfenol-D. After sample
preparation, the sample was transferred into the PEEM chamber at a pressure of 3E-8 Torr. The
X-ray absorption spectrum (XAS) of Fe was examined to check if the sample surface was oxidized.
In Figure 4-3b, the XAS taken with a photon energy between 695 and 730 eV did not show a
multiplet signature which could indicate the presence of an oxidation state. The measured XAS
matched that of unoxidized Fe, implying that the Ta capping layer protected well the reactive

Terfenol-D microstructures.
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Figure 4-3 XMCD-PEEM imaging of single domain and multi-domain magnetoelastic
microstructures. (a) An example of single domain and multi-domain states in disks at
relaxation, simulated by mumax3 micromagnetics modeling, a 2D plane on the surface of
microstructure. (b) X-ray absorption spectrum (XAS) image of the magnetic domain at Fe
absorption edges. The X-ray energies were then tuned to the energies of Fe L3 (706.9 eV) and
L2 (719.9 eV) absorption edges, respectively to excite the electron 2p—>3d transition with
circularly polarized x-ray demonstrated in the (¢) Schematics of XMCD-PEEM experimental
setup. (d) XMCD-PEEM images of the magnetic contrast at the elemental absorption edges of
all three elements (Tb, Dy, Fe) in the Terfenol-D confirm the single domain configuration in
the 20 um Terfenol-D microstructures. The black contrast indicates the magnetization is
pointing along the +x direction; the white indicates the magnetization is pointing in the -x
direction. The entire disk functions nearly as a magnet with a single domain. (¢) XMCD-PEEM
images of Ni, FeGa, and CoFeB disks with 2 pm in diameter grown on PMN-PT reveal multi-
domain configurations at remanence. Scale bar, 4 pm.
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To image the magnetic domain at the Fe absorption edges, the X-ray energies were then tuned to
the energies of Fe L3 (706.9 eV) and L, (719.9 eV) absorption edges, respectively to excite the
electron 2p—>3d transition with circularly polarized x-ray. The secondary electrons emitted from
the magnetic sample were then accelerated from the sample to the objective lens via a strong
electric field. After passing through a series of lens, the images taken at two x-ray polarities were

recorded (Figure 4-3c¢).

The difference between the two XAS images is the XMCD-PEEM image showing the magnetic
contrast. Due to the opposite sign of the spin-orbit coupling in 2p3» and 2p1. states, the XMCD
effects at the two absorption energies will have opposite sign. It is thus expected that the magnetic
contrasts be opposite to each other when taken at the two edges. Two images were taken for the
same microstructure at each absorption edge energy by left and right circularly polarized x-rays.
Pixel-by-pixel difference of the two images yielded the XMCD-PEEM image with magnetic
contrast, revealing the ferromagnetic domain in the microstructure. XMCD images from Fe L3 and
L> edges with opposite contrast confirming the presence of an effective single magnetic domain
up to 20 um in diameter. In addition, the XMCD-PEEM images were also taken at the energy of
Tb and Dy Ms edge to confirm the coupling behavior between the elements and ferrimagnetic
behavior of Terfenol-D. Figure S3e shows the experimental results from PEEM with some of the
most studied magnetoelastic microdisks patterned on PMN-PT. The microdisks of Ni, FeGa, and
CoFeB reveled a multi-domain state at remanence with 15 nm in thickness and 2 um in diameter
as a result of the energy competition between exchange energy and demagnetization energy.

However, Terfenol-D showed an effective single domain at remanence state an order of magnitude
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larger than the rest. Thus, enabling Terfenol-D micromagnet programmability at the scale of a

single-cells with 10-20 um in diameter.

4.2.3 Mapping the magnetic domain capture regions via fluorescently-labeled magnetic beads

(FMBs)

To characterize the magnetic capture performance of Terfenol-D microstructures, we developed a
high-throughput method to image the magnetic bead binding regions in a large array. PDMS
microfluidic channels were fabricated with standard soft photolithography. A mixture of PDMS
(Sylgard 184, Dow Corning, Midland, MI, USA) base and curing agent with 10:1 weight ratio was
poured over the master wafer and degassed for one hour to remove air bubbles before cured at
65 °C overnight. The microchannels sizing (L) 1 cm x (W) 6 mm x (H) 500 um were aligned to
overarch the Terfenol-D micropatterns. Permanent bonding was formed by applying a thin layer
of uncured PDMS on the interface followed by a 2-hour incubation at 65 °C. All surfaces were
passivated with surfactant Pluronic F127 (Sigma-Aldrich, St. Louis, MO) to prevent non-magnetic
binding or adhesion. We used small fluoresenctly-labeled magnetic beads (FMB) (Spherotech,
Libertyville, IL) of 0.5-1 um in diameter to increase the spatial resolution of the mapped magnetic
capture regions. To visualize FMB capture locations on Terfenol-D microstructures, we used an
inverted microscope Nikon Ti-U (Nikon, Melville, NY) illuminated by a mercury arc lamp with
4x-100x objectives and recorded via a CCD Coolsnap HQ2 camera (Roper Scientific, Evry, France)
(Figure 4-4a). Terfenol-D microstructures are detected and converted to grayscale where white
pixels represent FMBs. An in-house Matlab code was developed to overlay images and normalize
pixel intensity to generate a heat map of the bead distribution from a number (n) of Terfenol-D

microdisks in a large array (Figure 4-4b). Single-domain Terfenol-D microstructures consistently
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demonstrated uniform magnetic binding regions on the magnetized poles. However, larger
Terfenol-D microstructures demonstrated scattered magnetic bead binding regions between the
magnetized poles (Figure 4-4c). Based on the heat map of the magnetic capture regions we were

able to identify single-domain and multi-domain states in magnetoelastic microstructures.

4.2 4 In-situ high-throughput measurement of the magnetoelastic stray field (H;) magnetic binding

force in a viscous medium

To program magnetic capture and release of single-domain magnetoelastic microstructures in a
large array in viscous medium, we need to have a measurable magnetic binding force for suspended
magnetic beads in microchannels. Other conventional magnetic force measurement methods like
fluxgate-MFM, scanning hall probe microscope (SHPM) and scanning SQUID microscope
achieve measurements at high spatial resolution (10 nm), but they are not scalable for a large array
of thousands of magnetoelastic microstructures. In addition, these methods do not factor other non-
magnetic external forces in viscous medium in a microfluidic set-up that compete with the
magnetic binding force (F») and influence magnetic bead capture/release. Therefore, we have
developed an in-situ high-throughput method to achieve multiple measurements of the magnetic
binding force of magnetically initialized Terfenol-D microstructures in large numbers using

fluorescence imaging and image analysis methods described in 4.2.3.
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Figure 4-4 High-throughput imaging of magnetic bead capture regions on magnetoelastic
microstructures in a large array. (a) Microfluidic device integration on top of Terfenol-D
micropatterns fabricated on sapphire (top) and silicon (bottom). Fluorescence microscopy images
of the large array were acquired after introducing fluorescently labeled magnetic beads (FMB) to
a number of n magnetoelastic microstructures. Uniform magnetic bead capture was observed
across a massive array of magnetically initialized Terfenol-D single-domain microstructures. (b)
Image analysis software was used to quantify measurements and generate heatmaps of the
magnetic bead capturing regions, where pixels with higher intensity correspond to the magnetic
bead locations. Single-domain Terfenol-D microstructures demonstrated uniform magnetic bead
capture locations on the magnetized poles. (¢) Heat maps of multi-domain microstructures 250
um and 500 pm in diameter demonstrated scattered bead capture locations between the
magnetized poles.
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Magnetic beads of different sizes were introduced to magnetically initialized Terfenol-D
microstructures at different flow rates. Each flow rate exerts an external competing hydrodynamic
drag force (F4) that counteracts the local magnetic binding force (Fm) of the Terfenol-D stray field
(Hy) across a large microstructure array. The magnetic bead interactions are tracked on many
microstructures at the same time and same flow condition to get multiple measurements of the
magnetic field landscape of each Terfenol-D microstructure. We observed three magnetic bead
interactions with magnetized Terfenol-D microstructures, bead capture, tumbling and release. (i)
magnetic beads are captured or maintained on Terfenol-D microdisks when the magnetic binding
force dominates over the hydrodynamic drag force (F,» > Fg). (i1) At higher flow rates, magnetic
beads are released but then tumble or jump between Terfenol-D trapping regions. Given the
temporary binding or release of the magnetic beads from the micromagnet, we assume the
magnetic binding force and hydrodynamic drag are similar (¥, ~ Fg) in this condition. (iii) Lastly,
when the hydrodynamic drag dominates over the magnetic binding force (F,, < Fz), magnetic beads
are released instantly with limited stray field (H;) influence from the downstream neighboring

disks in the Terfenol-D micropattern array.

To calculate the counteracting hydrodynamic drag force in each condition, we first considered
Faxén’s correction to Stoke’s drag force, since the captured bead is located near the Terfenol-D
surface under a Stokes flow regime with limited inertia. The hydrodynamic drag (F») was defined

as

F; = 6mUDE
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where D is the bead diameter, # is the viscosity of the suspending liquid, U is the average fluid
velocity at the center of the bead, and { is the near surface correction factor defined by the power
series expansion of the ratio of the bead radius (a) to the distance from the wall surface (/). In this
study we used the three term power series of Faxén correction to the translational drag force

parallel to the wall, defined as

_ 6nnUD

T RO0

We then matched the theoretical drag force calculation with Finite Element Method (FEM)
COMSOL Multiphysics software to simulate 3D fluid-particle interaction in the experimental
conditions. The channel geometry was modeled using dimensions of the experimental channel
(L=10000 pm, W=1000 um, H= 200 pum), as illustrated in Figure 4-5a. A thin disk represents the
Terfenol-D microdisk geometry in which the bead is trapped on its surface and 60 nm away from
the substrate wall. A no-slip boundary condition is applied to the channel walls, microdisk, and
bead. The inlet flow rate (5-2000 pL/min) and the particle diameter (2.8-9.1 um) were set using a
parametric sweep. The drag force on the particle was calculated by integrating the total stress over
the surface of the particle in the x-axis parallel to the flow. Figure 4-5b shows the resulting total
drag force (F) parallel to the flow direction and opposite to the magnetic force () at different
flow velocities. To estimate the magnetic binding force (), we compared the calculation of (Fq)
of different size beads (D =2.8,4.5,7.4 and 9.1 pm) in the tumbling stage where (F,, ~ Fz). The
magnetically coated beads of different sizes were released at similar hydrodynamic drag force ~

36 pN, which validates the numerical drag force calculation method (Figure 4-5c).
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Figure 4-5 High-throughput in-situ measurement of the magnetic binding force for Terfenol-D
microstructures in a large array. (a) Hydrodynamic drag force for different bead diameters were
computed numerically using experimental flow rates, microfluidic channel dimensions and the
Terfenol-D microstructure geometry. (b) The fraction of magnetic beads released increases at
higher flow rates. (¢) Under the same flow rates, 2.8, 4.3, 7.3 and 9.1 pm beads experience
different hydrodynamic drag forces. At the magnetic bead release flow condition, the
hydrodynamic drag force measurement is estimated to equal the magnetic binding force ~ 36
pN for different bead diameters. (d) Surface distribution of magnetic field norm of both 2.8 pm
and 9.1 um beads with a magnetic shell thickness of 60 nm. The magnetic field norm decays
toward zero a few um away from the beads. (e) Angle dependence of magnetic force
components on the 2.8 um bead with shell thickness of 60 nm. The magnitude of total magnetic
force reaches the highest when the bead is located along the magnetization y-axis (6 = 0°). Here
Fy and F; are pointing in the -y and -z directions. (f) Finite Element simulation result of magnetic
force Fy on the magnetically coated beads with different combinations of bead diameter and
magnetic coat thickness. The beads are located at the magnetization axis, as shown in the

schematics, corresponding to the experimental observation.
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To verify that similar magnetic forces (F.) are experienced by magnetically coated beads of
different sizes, we used COMSOL Multiphysics software to simulate the magnetic force of
captured beads on effective single domain Terfenol-D disk of 20 um in diameter initialized along
the y-axis. The magnetic beads used in the experiments consist of a polystyrene core and a thin
magnetic iron oxide coating with thickness ranging from 60 to 120 nm, according to the vendor.
We thus simulated magnetic beads of different sizes (D = 2.8, 4.5, 7.4 and 9.1 um) with four
different iron oxide shell thicknesses (tshen = 60, 80, 100, 120 nm). The magnetic field norm
distribution (A/m) on the surface of the magnetic beads decays toward zero several micrometers
away from the disk (Figure 4-5d). This observation helps explain why the magnetic forces
experienced by the magnetic beads do not scale proportionally to the bead size, but are in a close
range instead. As observed in the experiment, the total magnetic force experienced by the bead is
at its largest when the bead is located at the magnetization angle (6 = 0°) along the y-direction
(Figure 4-5¢). Thus we examine the magnetic forces along y-direction of the beads of different
size and shell thickness combinations when they are positioned at the magnetization angle (Figure
4-5f). The in-plane magnetic force F) of different magnetic bead sizes with the same magnetic
shell thickness shows similar magnetic force from the magnetic disk. Since the exact magnetic
shell thickness of the same type of beads may vary according to the vendor, the forces from the
simulation are a proof-of-concept rather than an accurate reflection of the exact magnetic forces
experience by individual beads. Therefore, the in-situ high-throughput experimental measurement
method uses one type of magnetically coated beads to average the magnetic binding force from

thousands of Terfenol-D microstructures.
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4.2.5 Strain mediated single-cell release

To study the effect of strain on Terfenol-D single-domain and multi-domain microstructures, we
tracked the magnetic bead capture regions before and after applying strain on the PMN-PT
substrate. Figure 4-6 demonstrates the experimental steps of using magnetic beads to locate the
newly induced magnetic easy axis angle after applying strain. In addition, we noticed beads
attached near the Terfenol-D microdisks dislocate to a new magnetization angle after applying

strain.

To track in real-time the release of captured magnetically labeled cells associated with strain, we
tracked the movement of the PMN-PT surface that is near a Terfenol-D microstructure (labeled
with *) while applying voltage. We used stationary beads on the PMN-PT surface that are not
attached to the Terfenol-D microstructures for the image analysis tracking code. The maximum
strain value from Figure 3b was used to correspond to the PMN-PT maximum surface
displacement. Then the PMN-PT displacement values in between were assigned proportionally to
the strain values. The bead translated an average distance of 6.5 um with the PMN-PT surface
from 0 ppm (blue) to maximum strain of 2150 ppm (yellow). Measuring the PMN-PT surface
displacement while recording magnetically labeled cells capture and release events enabled

synchronization of the strain with shift in magnetization and resulting cell release.
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Figure 4-6 Experimental procedure for tracking the change in magnetization pole reorientation
of Terfenol-D microstructures after applying strain on PMN-PT substrate (yellow). (a) First,
we image the Terfenol-D microstructures before introducing beads or applying beads or strain.
Second, we flow beads in a microfluidic channel on the PMN-PT substrate and image the
Terfenol-D microstructures. Third, we wash away the beads then apply voltage-induced strain
on the PMN-PT substrate. Fourth, we flow new magnetic beads and image their locations after
strain. We noticed the beads settle on a newly induced magnetic easy axis in the Terfenol-D
microstructure. (b) We repeat the same procedure but without the washing step (3) on larger
microstructures that capture more than one bead on their magnetized pole. We noticed beads
that are not directly attached to the magnetized pole dislocate to the new magnetization angle

after applying strain. Scale bar, 5 um.
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Jurkat cells (average diameter ~15 um) were cultured in RPMI 1640 medium supplemented with
10% (v/v) fetal bovine serum and 1% penicillin-streptomycin and maintained ~106cells/mL
density. To magnetically label Jurkat cells, streptavidin-coated magnetic beads (Spherotech,
Libertyville, IL) were washed with PBS and conjugated with 5 pg/mL biotin anti-human CD45
Antibody (clone HI130: #304003; BioLegend) before added to a suspension of Jurkat cells at a
1:10 cell to bead ratio in culture medium for labeling. The labeling was performed at room
temperature with gentle mixing for 1 hour. Magnetically labeled Jurkat cells were captured on the
Terfenol-D single-domain microstructures under a low flow velocity condition of 5 pLL/min where
Fa <36 pN. Single magnetically labeled cells remained captured on the Terfenol-D microdisk until
strain was applied with an electric field of 0.8 MV/m as discussed elsewhere. To test Terfenol-D
cytocompatibility for adherent cells, we incubated MCF-7 cells on Terfenol-D microstructures at
37°C in a humidified atmosphere with 5% CO?2 for a week. Cells grew and expanded on the surface

of the Terfenol-D micropatterns (Figure 4-7).

4.2.6 Time-dependent measurement of single-cell secretion

For a proof-of-concept demonstration of dynamic cell profiling on Terfenol-D micromagnet arrays,
we performed an adapted IL-2 Secretion Assay (Miltenyi Biotec, 130-090-487) on a trapped array
of human primary T cells (average diameter ~8 pum). The human primary T cells were isolated
from whole blood using EasySep™ Human T Cell Isolation Kit (STEMCELL Technologies,
17951)and stimulated with ImmunoCult™ Human CD3/CD28 T Cell Activator (STEMCELL
Technologies, 10971) when needed. The cell culture was maintained at ~10%/mL in RPMI 1640
medium supplemented with 10% (v/v) fetal bovine serum, 1% penicillin-streptomycin, and 50

U/mL IL-2.
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Figure 4-7 Magnetically labeled cell preparation for capture and release via voltage induced
strain. (a) Fluorescently stained cells coated with magnetic beads are imaged with bright field
and fluorescence microscopy. (b) Microchannel flow conditions were optimized for cell capture
at a flow velocity UFm>Fq) and release at UEm<rda) on Terfenol-D microstructures. (¢) Terfenol-D
microstructures were cytocompatible for cell growth and expansion for downstream applications.

Scale bar, 20 um.
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Prior to experiment, the human primary T cells were activated for cytokine production by 25
ng/mL PMA (Sigma-Aldrich, P1585) and 1 pg/mL Ionomycin (Sigma-Aldrich, 407951) for 6
hours at 107 cells/mL. The activated cells were thoroughly washed, stained with Hoechst to locate
nuclei, labeled with magnetic beads as described in 4.2.5 and IL-2 Catch Reagent following
vendor’s protocol. The labeled cells were resuspended at ~106/mL in RPMI 1640 containing 0.1%
(v/v) phycoerythrin (PE) labeled IL-2 Detection Antibody, and immediately injected into the
microfluidic channel of a SMATrT device staged on a Nikon Ti-E fluorescence microscope. A set
of DAPI (100 ms exposure) and TRITC (1 second exposure) images were taken every 10 minutes
for 2 hours and analyzed using Image J. Magnetically trapped cells were located by matching the
nuclei staining in DAPI with the Terfenol-D microdisk patterns, and their secretion signals were

quantified by the maximum TRITC fluorescence intensity within each area of interest.

4.3 Results and discussion

4.3.1 Characterization of single-domain Terfenol-D microstructures

We investigate the magnetoelastic properties of Terfenol-D microstructures for strain induced cell
capture/release on sputter-deposited Ta(23 nm)/Terfenol-D (68 nm)/Ta(32 nm) multilayer thin
films on PMN-PT [Pb(Mg1,3Nb23)O03]1x[PbTiO3]x (PMN-PT) [011]-cut piezoelectric substrate.
Electron-beam evaporated Al>O3 (80 nm) was deposited between the PMN-PT and Terfenol-D to
prevent oxygen diffusion into the Terfenol-D. The Terfenol-D is patterned by optical lithography

followed by Ar etching (Figure 4-8a-d).
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Figure 4-8 Fabrication and characterization of single-domain Terfenol-D microstructures. (a)
Schematic of the SMArT device and microscopy image showing magnetic bead capture
(green) on Terfenol-D single-domain micropatterns on a PMN-PT substrate without the use of
an external magnet. (b,¢) Scanning electron microscopy (SEM) images of a 3 um Terfenol-D
disk (b) and cross-sectional cut by focused ion beam (FIB) (c), showing (d) Terfenol-D
microstructure on PMN-PT. (e,f) Magnetic force microscopy image of the 3 pum disk (e)
reveals a single domain configuration (f) that enables strong and precise magnetic trapping of
magnetic beads on the magnetized poles (scale bar: 1 pm). (g) Magnetic hysteresis loop of the
Terfenol-D disks shows a large saturation magnetization of 780 kA m™' and a coercivity of 0.3
T, as measured by SQUID. A large fraction of the magnetization is retained upon the removal
of the saturation magnetic field. (h) XMCD-PEEM imaging is used to image the magnetic
domain state of (i) magnetic contrast in a 20 um disk at the elemental absorption edges of Fe,
where white contrast indicates the magnetization pointing in the -x direction and the black the
+x direction. The opposite contrasts taken at two absorption edges of Fe confirms the effective
single-domain magnetic configuration without an external magnetic field. (j) Single-domain
states in magnetoelastic Terfenol-D at remanence are observed at 20 um diameters, while other
magnetoelastic micromagnets (CoFeB, Ni, FeGa) switch to a multi-domain state around 1-
2 pm in diameter as observed in XMCD-PEEM after magnetic-field removal.
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Terfenol-D thin films have a relatively large coercive field (H:) of 0.3 T, saturation (M), and
remanent (M,) magnetization of 710 and 600 kA m™!, respectively, measured by a superconducting
quantum interference device (SQUID) (Figure 4-8g). A strong dipolar contrast is observed in 3
um Terfenol-D disks indicating single-domain states imaged by magnetic force microscopy (MFM)

following the application of an in-plane magnetic field (Hinir) of 0.5 T (Figure 4-8e).

A single domain state in these large disks (3 um) is possible due to the large residual tensile stress
of 70 MPa*® developed during the Terfenol-D annealing process, which also produces large in-
plane anisotropies and coercive fields. This large residual stress coupled with the material's large

saturation magnetostriction A; = 880 ppm produces an effective magnetoelastic anisotropy

sufficient to produce a pseudo-single domain state in these micropatterned disks.** Following
initialization, and in the absence of an external magnetic field, magnetic beads were uniformly

captured at the magnetized poles as illustrated in (Figure 4-8a,f).

Surprisingly, we found that effective single magnetic domain states persist in substantially larger
microstructures up to 20 um in diameter and beyond, imaged by X-ray magnetic circular
dichroism-photoemission electron microscopy (XMCD-PEEM) (Figure 4-8h). According to the
PEEM images taken at the Fe L, and L3 absorption edges, a majority of the magnetic moments
point in a single horizontal direction, thus the entire disk functions collectively as a single domain
(Figure 4-81). The black contrast indicates the local magnetization is pointing along the +x
direction; the white indicates the magnetization is pointing in the -x direction. At Fe L, and L3
absorption edges, the XMCD has opposite signs of magnetic dichroism (Figure 4-3a—d). The

PEEM images acquired at these two absorption edges show opposite magnetic contrast, confirming
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that the observed image contrast is magnetic-related, and the structure exhibits a net single domain
configuration. In contrast to other soft magnetoelastic materials, this fabrication process produces
Terfenol-D with anomalously large single-domain structures an order of magnitude larger in
dimension than previously thought possible. More importantly for this application, the domain

sizes are on par with single human cell sizes, which have diameter = 10 um (Figure 4-8j, 4-3e¢).

This large single domain magnetoelastic structure discovery promises a new scale of
micromagnetic capture that is sufficiently large to localize and capture a single cell without an
externally applied magnetic field. In addition, the magnetoelastic properties of the single domain
structures enable strain mediated multiferroic programmability for single-cell release following

magnetic capture.

4.3.2 Magnetic capture on single-domain Terfenol-D microstructure arrays

While MFM and XMCD-PEEM are useful for characterizing magnetic domain configurations,
they are limited in characterizing the magnetic capture performance of the initialized magnetic
stray field (Hy) in a viscous medium. Here, we developed an in situ high-throughput approach to
map and measure magnetic capture and release of magnetic materials using Terfenol-D

multiferroic microstructures in a microfluidic channel in real-time.

After Terfenol-D micropatterns were magnetically initialized with a saturating field of Hiuir= 0.5
T, a microchannel was bonded to the surface of PMN-PT substrate to introduce fluorescently
labeled magnetic beads (FMBs) at a low flow rate (Figure 4-9a, 4-4a). With no external magnetic
field applied, all of the initialized Terfenol-D microstructures captured suspended FMBs on the

magnetized poles (Figure 4-9b).
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Figure 4-9 Magnetic capture performance of single-domain Terfenol-D microstructure arrays. (a)
Optical photograph of the microfluidic/multiferroic device (scale bar, 5 mm). (b) Mapping the
magnetic capture distribution of fluorescently labeled magnetic beads on single-domain Terfenol-
D microstructures. (¢) FeGa structures of the same size transition into a multi-domain state, while
Terfenol-D structures of less than 40 um in diameter remain single-domain. (d) Optimized
magnetic capture (£, > F.) and release (F. <F.) flow conditions to map the magnetic capture
behavior of Terfenol-D micromagnets in situ with different magnetic beads sizes (2.8-9.1 um)
illustrated in bright-field images in (e) with the governing forces: magnetic binding force F., and
hydrodynamic drag F.. The solid lines are the theoretical Faxén drag correction force given by
Equation!. (f) The magnetic binding force (F.) is measured as a function of magnetization angle
(6) on single-domain Terfenol-D 20 pm microdisks via a range of flow velocities to increase the

spatial resolution of the 2D magnetic force map illustrated in (g).
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Micromagnetic trapping regions were mapped with high-resolution fluorescence imaging (0.16
um pixel!) (Figure 4-4b). In addition to PMN-PT substrates, FMB capture was reproducible on
Terfenol-D microstructures that were patterned on silicon and sapphire substrates (Figure 4-4a).
Terfenol-D structures that range from 3 to 20 um in size exhibit precise FMB capture based on
highly localized fields in the magnetically initialized single-domain poles regardless of their shape
anisotropy. Interestingly, 20 pum structures composed of FeGa, with the second largest
magnetostriction among soft magnetic materials, result in multi-domain states (Figure 4-9c).
Terfenol-D microdisks larger than 40 um begin to transition into multi-domain state where FMBs
were captured in a scattered pattern associated with the smaller domains’ stray fields in between
the magnetized poles (Figure 4-9c, 4-4b,c). Although this method of FMB capture in fluid does
not identify local magnetic spin orientation, it enables magnetic state characterization and
magnetic bead capture evaluation for single-domain and multi-domain microstructures in a general

microfluidic set-up.

To further investigate the magnetic force (F») landscape of the mapped micromagnetic bead
binding regions, we incrementally increased the counteracting hydrodynamic drag force defined

by the Faxén's correction to the Stokes drag force.

F; = 6mmUD¢

We explored a range of flow velocities (U = 0.001-0.1 m s!) and magnetic bead diameters (D =
2.8 - 9.1 um), where we kept the following two properties constant: fluid viscosity (7), the near-
surface correction factor (¢), which modifies Stokes drag for magnetic beads in close proximity to

the surface of the Terfenol-D microstructures.’” >! The drag force was then recalculated by 3D
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numerical simulation to include the Terfenol-D microdisk under the bead, which was in good
agreement with the theoretical drag force (marked in solid lines) (Figure 4-9d ,4-5). Under
continuous flow, we estimated the magnetic binding force by increasing the flow rate (and
corresponding hydrodynamic drag force, Fy) to the point where the drag force overcomes the
magnetic capture force, Fin, causing release of the particle (Figure 4-9¢). Since the captured beads
of different sizes are magnetically coated with similar thicknesses, larger magnetic beads were
released at lower flow rates due to drag force linearly increasing with bead diameter (Figure 4-
5b,c). However, all of the magnetically coated beads with different sizes were released at similar

F4 = 36 pN, which serves to validate the average magnetic binding force measurements across

different micropatterns (Figure 4-9¢). Locally on the Terfenol-D microdisk, we mapped the
magnetic force gradient as a function of the magnetization-easy axis angle (0) where F,,(0 = 0) =
49 pN (Figure 4-9f). As expected for single-domain Terfenol-D magnets, the stray field (Hy)
gradient decays away from the magnetization angle (8 = 0°) in the 2D magnetic binding force map
(Figure 4-9g. 4-5d-f). Also, a single bead can be captured and arrayed in each micromagnet to

probe the strain-induced change in the easy axis angle, as discussed in the next section.

4.3.3 Electrically programmable single-cell capture and release

We further investigated magnetoelastic coupling with voltage-induced microstructural strain to
reprogram the micromagnetic Terfenol-D state for magnetic release. We imaged in real-time the
microfluidic/multiferroic device to investigate the magnetic bead capture and release behavior
before and after applying a voltage induced strain to PMN-PT [011]-cut piezoelectric substrates in

the optimized stable flow capture condition (Figure 4-10a).
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Figure 4-10 Electrically programmable single-cell capture and release via SMArT micromagnets.

(a) Microfluidic SMArT device set up (scale bar: 5 mm). (b) Applying a 0.8 MV m™! electric field

induces compressive strain of 1300 ppm along the [100] direction and tensile strain of 850 ppm

along [011], illustrated in the PMN-PT crystal structure in (¢). (d) The resulting total strain of

2150 ppm perturbs the single domain state due to magnetoelastic coupling, reorienting the

magnetic domain =40° to the easy axis while multi-domains rearrange in a manner that has little

impact on the net direction of magnetization. (e) Real-time tracking of the displacement on the

surface due to strain in the PMN-PT substrate (reference location labeled with *). (f) Bight-field

and fluorescence images of a magnetically labeled and fluorescently labeled single cell. (g) With

applied strain, individual magnetically labeled single cells were released from the TerfenolD

micromagnets to the outlet of the microchannel.
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An electric field of 0.8 MV m™! induces a compressive strain of 1300 ppm along the [100] direction
and a tensile strain of 850 ppm along [01-1] direction (Figure 4-10b). The resulting differential
strain of 2150 ppm creates a new minimum in the energy landscape, rotating the direction of
magnetization in the Terfenol-D disk (Figure 4-10c, 4-6). Consequently, the trapping angle for the
magnetic bead shifts by A0 = 40° after applying the electric field (Figure 4-10d). Originally, the
bead is trapped in a direction at an angle 45° relative to both [01-1] and [100] strain axis, as
indicated in Figure 4-10d. The electric-field induced easy-axis along [01-1] direction (marked in
green, Figure 4-10c) results in this shift in bead capture location. However, in multi-domain
microstructures, no substantial change in the magnetic reorientation was observed after applying

stain due to the heterogeneous magnetic capture regions (Figure 4-10d).

Leveraging this magnetization reorientation shift, magnetic beads and magnetically labeled single
cells were captured on single-domain Terfenol-D microdisks then subsequently released after
applying a voltage induced strain (Figure 4-10f,g). We tracked the displacement of the PMN-PT
surface as a function of the voltage-induced strain to proportionally assign the strain value while
recording the capture/release of magnetically labeled cells (Figure 4-10e). As the magnetic domain
stray field reorients toward the newly strain-induced easy axis ([01-1] direction of PMN-PT) at Ae
= 2150 ppm (marked in yellow), the cells were released due to the decline of the stray magnetic
field x-component counteracting the drag force, which is parallel to the flow direction (Figure 4-
10h). Trapped cells in the device were viable for cell culture and expansion for downstream

applications (Figure 4-7).
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4.3.4 Time-dependent single-cell profiling

We further applied the Terfenol-D micromagnet arrays to evaluate time-dependent properties of a
population of cells, specifically the heterogeneous secretion of interleukin-2 (IL-2), a critical
cytokine signaling molecule that regulates T cell proliferation and differentiation,>> A sandwich
immunoaffinity assay (Figure 4-11a) was performed to capture secreted IL-2 from immobilized
cells back on the surface of the secreting cell via a bi-functional capture antibody targeting CD45,
a cell surface protein on T cells, and IL-2. The captured IL-2 subsequently forms a sandwich with

a fluorescently labeled anti-IL-2 detection antibody.

As IL-2 molecules were continuously secreted over a 2-h incubation, we observed an increase in
fluorescence signal accumulate on the cell membrane of a fraction of cells (Figure 4-11b,c);
presumably those with higher rates of secretion of IL-2. By tracking the intensity across an array
of magnetically trapped single T cells we observed two distinct sub-populations of T cells (Figure
4-11d), which could be differentiated based on their final accumulated fluorescence signal (p <
0.001). The high-secreting cluster of cells reached a 29.1 + 7.0% increase in signal intensity at the
end of 2 h (n; =4), while the low-secreting cells averaged a 3.3 + 4.5% signal increase (n2 = 17).
The ability of delicate primary cells to remain viable and secreting over the 2 h period suggests
the compatibility of the SMATrT platform to separate cells based on time-dependent assays of cell

function.
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Figure 4-11 Time-dependent secretion measurement of magnetically captured single cells. (a)
Schematics of the adapted immunoaffinity assay to measure IL-2 secretion from single primary
human T cells. (b) Fluorescence images of IL-2 secretion signals (TRITC) from human primary
T cells (DAPI) at the end of a 2-h incubation (scale bar: 50 um). One representative low-
secreting cell (cell (1)) and one high-secreting cell (cell (2)) are identified, and their secretion
signals at 0, 1, and 2 h are magnified in (¢) (scale bar: 20 pm). (d) Single-cell IL-2 secretion
signals tracked every 10 min for 2 h. Sub-populations of high-secreting cells (n. = 4) are
characterized from low-secreting cells (7. = 17) by a threshold of normalized fluorescence >1.20
at the end of 2 h. The highlighted lines (1) and (2) signify the time-dependent IL-2 secretion
signals from the two identified cells in (b) and (c). ***P < 0.001 using two-tailed Student's ¢-

test.
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4.4. Conclusions

Smart programmable single-domain magnetoelastic materials provide an autonomous and tunable
micromagnetic platform for single-cell manipulation. Coupling strain mediated multiferroic
control into these platforms via voltage-induced strain enables high-throughput single-cell
separation and enrichment of specific magnetically labeled cells across an electronically
addressable array. Therefore, multiferroics present an opportunity to automate single-cell selection
based on functional and time-dependent properties, which remains a fundamental challenge for
biotechnology and the development of optimal cell therapies.’> Furthermore, such array-
addressable control of magnetic components could be used in practical applications such as
magnetoelectric storage devices,”* magnetic sensors,” and voltage-tunable RF/microwave

devices.> %>’
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Chapter 5 . Concluding Remarks

This work explores microfluidic solutions to improving sample processing procedures, especially
by means of process automation; and enhancing the sensitivity metrics of assay performances,
targeting the analysis of single entities. The first two chapters covers the development of
digitalized affinity assays for single molecule detection, where we achieved counting of single
enzyme reactions using a novel lab-on-a-particle assay mechanism. We demonstrated digital
counting of B-galactosidase enzyme at a femtomolar detection limit with a dynamic range of 3
orders of magnitude using standard benchtop equipment and experiment techniques. The third
chapter presents an innovative ferrobot platform to address process automation for sample
processing. This electromagnetic platform is capable of performing massively parallelized and
sequential fluidic operations cross-collaboratively to complete pipelined bioassays with high
efficiency and flexibility. In the fourth and final chapter we established a multiferroic system
deployed for time-lapse single-cell functional profiling, featuring both single entity analysis

capacity and an automation potential.

Digital ELISA allow measurement of biomarkers down to individual molecules, leveraging sub-
nanoliter compartmentalization and signal amplification. However, these technologies require
tailored and often expensive microwell devices or microfluidic droplet generators for
compartmentalization, and custom optical analysis systems to characterize low levels of

fluorescence. The need for specialized and relatively costly equipment (e.g. Quanterix Simoa
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system) has impeded the adoption of digital ELISA technologies for biomarker discovery or

clinical diagnosis.

Discussions on the utility of digital ELISA often encounters a “chicken and egg” dilemma. For a
new and high-sensitivity technology such as digital ELISA to be widely adopted and
acknowledged in clinical research and practice, the clinical value of the low-abundance biomarkers
to be measure to digital ELISA needs to be established. However, studies of low-abundance
biomarkers have not been established precisely due to the lack of reliable measurement methods.
The best way out of this dilemma is for digital ELISA to be widely adopted, so that the clinical
value of the low-abundance biomarker can be studied and discussed by the general research

community.

We envision the hydrogel microparticles we described in our work can be fabricated at a central
site and widely distributed to speed the adoption of highly sensitive immunoassays. The entire
workflow upon receiving the pre-made particles will be performed using basic mixing operations
and standard benchtop laboratory equipment without microfluidic chips or pumps, and the results
of reactions can be analyzed with widely available flow cytometers or sorters at high throughput.
This platform has great potential for democratizing ultra-sensitive immunoassays, advancing the

discovery of extremely rare biomarkers, as well as redefining disease diagnosis.

The ferrobot platform was a bottom-up engineering design that overcame two fundamental

limitations in digital microfluidics, dominated by EWOD techniques. EWOD approaches require
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complex device fabrication, high excitation voltage (~20-200 V), and can suffer from electrode
contamination and limited durability, which altogether restrict EWOD from achieving the
envisioned applications. Alternative methods such as magnetic droplet actuation techniques were
either not scalable, or inherently rendering too weak of an actuation forces to control meaningful

bio-packages.

Although we were successful in designing various liquid handling components to achieve
complicated manipulations including liquid transport dispensing, merging, droplet generation,
filtration, and was able to program a team of ferrobot to collaboratively perform a pipelined in-
situ calibrated MMP measurement assay, the scope of this work was limited to a proof-of-concept
MMP measurement from spiked human plasma samples and a small portion of high-reading
patients body fluid samples. The full potential of the ferrobot platform awaits continuous
development to address several physical and biochemical limitations that as of now restrict the

platform from providing a full spectrum of clinically meaningful diagnostic readings.

The SMArT platform featuring single-domain multiferroic array-addressable Terfenol-D
micromagnets was an exciting teaming of the frontiers in electrical, mechanical and biomedical
engineering. An interesting aspect of the technology is that the magnetism of the micromagnets
could self-sustain for prolonged periods of time without constant support of external magnetic
field. Translating to the profiling and selectin of single cells, this means the cells can remain
captured to a magnetic feature until the release was commended by applying voltage. Therefore,

time-lapse properties such as secretion could be observed and measured continuously on captured
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cells without consuming external energy, as opposed to many other single cell technics where the

localized fixation of single cells needs continuous application of external forces to maintain.

Beyond the successful demonstration of capture and release on the SMATrT platform, continuous
development is needed to fulfill the entirety of the blueprints, such as the addressability of
individual magnetic units and the reliable of voltage-induced particle and cell release. As with any
explorative mission, the nature of a system becomes more revealed and comprehensible only after

relentless interrogations and unceasing repairs. Such is the life of science.
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