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Abstract
Microfluidic Devices for Multimodal Single-Cell Biophysical Phenotyping
by
Andre Lai
Doctor of Philosophy in Bioengineering
University of California, Berkeley

Professor Lydia L. Sohn, Chair

The physical attributes of a cell can serve as label-free biomarkers of cellular state and be-
havior. In cancer, for example, malignant cells are known to be significantly more deformable
than their non-malignant counterparts. I describe the development of two microfluidic plat-
forms: Multi-Zone Visco-NPS (mz-visco-NPS) and Combo-NPS. Both approaches utilize
Node-Pore Sensing (NPS), in which the ohmic resistance across a microfluidic channel is
used to characterize and measure single-cell parameters. Mz-visco-NPS uses multiple sinu-
soidal contraction segments aligned in series to periodically deform passing cells at increasing
perturbation frequencies. Using this platform, I measure the rheology of human breast ep-
ithelial cells, namely the elastic storage (G’) and viscous loss (G”) moduli. Combo-NPS uses
DNA-directed patterning for the positioning of surface-immobilized antibodies upstream of
a linear contraction channel. In this design, I demonstrate the ability to measure single-cell
surface-marker expression, in addition to mechanical properties such as diameter, elastic-
ity, and viscosity. I generate paired immuno- and mechano- phenotype datasets on single
cells that enable new approaches for subpopulation screening and correlation studies. Ulti-
mately, both platforms are powerful tools for moderate-throughput, multimodal, single-cell
biophysical phenotyping.
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Chapter 1

Introduction

The broader objective of this work is to contribute new methods, devices, and approaches to
the wider bioengineering community. Advancements in biology and medicine are inextricably
linked with advancements in engineering and biotechnology. From the inception of the
microscope in the late 16th century to next-generation sequencers of the 21st century, the
introduction and application of new tools have, and continue to, form the basis of biological
research and development. The work described here is another innovative addition to the vast
toolkit already at the disposal of modern scientists and engineers. It is meant to complement
and enable new biological inquiries, contributing to the enduring cycle of inventing unique
tools and approaches to answer previously inaccessible questions.

This dissertation is centered upon two primary concepts: microfluidics and single-cell bio-
physical phenotyping. The former is the methodology employed while the latter is the appli-
cation studied. The marriage of these two concepts forms the basis of this dissertation: from
conception and design, to fabrication, validation, and finally, implementation and results.
Specifically, using “resistive pulse sensing” and “node-pore sensing (NPS)”, T measure the
ohmic resistance across sections of a microfluidic channel. These electrical methods, coupled
with characteristic channel designs and novel surface functionalizations, enable the unique
quantification of single-cell biophysical phenotypes.

The immediate application is to associate cellular biophysical phenotypes with specific bi-
ological states in both health and disease. Such information could serve as a biophysical
biomarker, in which complex cellular states and behaviors can be identified from the rapid
characterization of a single cell’s biophysical properties. This would be highly advantageous
in both research and clinical settings, where identifying and quantifying biophysical param-
eters can serve as a new avenue for scientific exploration or as a new metric for patient
diagnosis.

The subsequent chapters in this dissertation describe the body of work completed towards
the aforementioned application, with the specific goals of:
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1. Developing unique microfluidic tools for the multimodal measurement of single-cell
biophysical properties.

2. Characterizing the relationships among single-cell biophysical properties and various
cellular attributes.

This disseration is organized as follows:

e In Chapter 2, I detail the background related to the work described in this dissertation,
including relevant prior work and motivation. I delve into the two core concepts of
this dissertation: microfluidics and single-cell biophysical phenotyping, providing an
essential foundation for subsequent chapters.

e In Chapter 3, I describe the approaches employed throughout this work. I review
the theoretical principles behind the main technologies used, the various design and
fabrication processes, and delve upon the practical implementation of the methods.

e In Chapter 4, I describe the first core component of this dissertation: Multi-Zone
Viscoelastic Node-Pore Sensing (mz-visco-NPS). Mz-visco-NPS is a custom microfluidic
platform for measuring the multi-frequency rheological properties of single-cells. From
introduction to discussion and conclusion, I extensively describe all aspects of this
platform, including background, theory, and data from measuring human mammary
epithelial cells.

e In Chapter 5, I describe the second core component of this dissertation: Combina-
tion Node-Pore Sensing (Combo-NPS). This is another custom microfluidic platform
for the multimodal measurement of single cell biophysical properties. Specifically, I
demonstrate simultaneous single-cell analysis of mechanical properties and surface-
marker expression. Similar to Chapter 4, I thoroughly detail the unique aspects of this
platform, ranging from design conception to experimental results.

e In Chapter 6, I conclude this dissertation by reviewing the background, approach, and
development of mz-visco-NPS and combo-NPS. I summarize the primary results and
discuss the implications of the findings. Additionally, I present future directions and
a general outlook, recommending next steps for the continuation of this research.

Overall, this dissertation is the culmination of years of work, building off the advancements
made by a multitude of scientists and engineers, and countless peer-reviewed publications.
It is the amalgamation of a few core technologies, namely Node-Pore Sensing (NPS) and
DNA-Directed Pattering, and details the development of more integrated and more capable
tools. These powerful tools, aimed at measuring the diverse biophysical phenotype of cells,
can help address new inquiries related to single-cell mechanics and surface properties, fueling
further progress in biomedical research.



Chapter 2

Background and Motivation

This chapter will review all relevant material regarding microfluidic single-cell biophysical
phenotyping. I describe prior work achieved in this area, motivate the significance of studying
single-cell biophysical phenotypes, and provide additional context and perspectives that form
the basis of this dissertation.

This chapter is divided into three primary sections, addressing the following questions:

e What are microfluidics? How are they utilized in science and why?
e What is the significance of multimodal single-cell analysis?

e What is biophysical phenotyping and how is it relevant in modern biomedical research?

Ultimately, the work presented in this dissertation is inherently interdisciplinary (Figure
2.1), ranging from laminar flow physics to single-cell biology. The questions above are in-
tended to lay a foundation and organize the fundamentals needed to understand the approach
and results presented in subsequent chapters. I conclude this chapter by summarizing the
critical aspects of microfluidic single-cell biophysical phenotyping and transition into a brief
discussion of my approach employing node-pore sensing (NPS) [1].

2.1 Microfluidic Systems

Microfluidics is defined as the manipulation of fluids at the sub-millimeter scale, typically
on the order from 1 to 500 microns (Figure 2.2). Such manipulation is often accomplished
using micro-machined channels, in conjunction with pumps and valves that enable discrete
control. Microfluidics forms the basis for many biomedical microelectromechancial systems
(Bio-MEMS), synonymous with Lab-On-A-Chip (LoC) Systems, in which bench-top experi-
mental processes are integrated and miniaturized onto a single “chip”. This miniaturization
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Photolithography
Precision sub-millimeter processes originally developed in the semiconductor industry
are uses to machine micron-scale fluidiic geometries.

Single-Cell Biology
The samples characterized with these platforms include primary cells and cell lines
cultured in-vitro.

< Microfluidics
a Micron-scale fluidic channels control and manipulate the flow of the samples,
N

utilizing predictable laminar flow physics.

Surface Biochemistry
The glass surface is spatially functionalized with antibodies, making use of biochemical
processes including azide click chemistry and aldehyde reductive amination.

Thin Film Deposition
The device electrodes are fabricated on glass using electon-beam evaporation,
resulting in nanometer thick layers of titanium, platinum, and gold.

Electrical Engineering
A circuit consisting of six instumentaion amplifiers, one transimpedance amplifer, and
one high-speed USB DAQ, enable the electronic measurement of the sample.

Computer Science
Signal processing algorithms are employed to efficiently process and analyze the
electrical signals measured from the device and circuit.

Figure 2.1: Scientific Disciplines and Processes Integrated In This Work. The engi-
neered platforms described in this dissertation integrate multiple scientific fields and processes,
including single-cell biology, photolithography, microfluidics, surface biochemistry, thin-film
deposition, electrical engineering, and computer science.

has distinct benefits, including reduced sample and reagent volumes, and faster reaction
times. Such benefits are described in more detail in the following subsections.

For context, an example of a commercial “microfluidic” devices that resides in offices world-
wide is the inkjet printer [2]. Inkjet printers rely on a steady stream of picoliter droplets
that are precisely ejected out of a microfluidic nozzle and onto a sheet paper. The microflu-
idic component itself is a continuous droplet generator, in which a thermal or piezoelectric
component rapidly creates and ejects fluid droplets. Today, microfluidic devices are com-
mon in research, clinical, and at-home settings. Lateral flow tests [3, 4], such as at-home
pregnancy tests or at-home COVID-19 tests, rely on capillary action to wick microliters of
sample across a simple assay architecture. Flow cells commonly used in research equipment,
such as next-generation sequencing instruments, rely on microfluidic components to route
samples, reagents, and waste with precision [5]. Finally, microfluidic technologies are com-
monly found in point-of-care devices, such as glucometers and blood-analyzers [6, 7]. Once
more, theses devices rely on a microfluidic consumable for the analysis of biofluid samples.

Overall, microfluidics deals with the handling of small amounts of fluid in precise and con-
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dna virus cell quarter human
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| ]
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Figure 2.2: Comparing the Length Scale of Microfluidics. Microfluidic devices are
typically on the order of 1 to 500 micrometers. For comparison: a human is around 1 to 2 meters
tall; a typical United States quarter is approximately 25 mm in diameter; the average human
cell is 20 to 50 microns wide. At the smallest end, a virus is 100 nanometers in diameter and
a single DNA molecule is 2 nm in diameter. Overall, microfluidic channels are approximately
1,000 times larger than the diameter of a DNA molecule or approximately 100,000 times smaller
than the height of a human.

trolled ways. It is an engineering specialty that has burgeoned not only in academic research,
but also in commercial applications. As a growing scientific discipline, microfluidics remains
essential for conducting innovative biomedical research at the microscale. The following sub-
sections will detail the physical principles that are inherent to fluids at the micro scale and
explore the pros and cons of microfluidic systems in modern biomedical applications.

2.1.1 Physical Principles

Flow at the micro-scale has significantly different behavior than flow at the macro-scale.
The physical foundation of such behavior is based on fluid mechanics and various transport
phenomena. Key facets of this microfluidic behavior include:

e Predictable Laminar Flow
e Dominance of Diffusion

e Unique Passive- and Active-Transport Mechanisms

By understanding and manipulating these physical behaviors, countless innovative devices
have been developed, such as droplet microfluidics [8], cell sorters [9], and organ-on-a-chip
technologies [10]. Such microfluidic advances have enabled a truly wide breadth of function-
ality in biology, chemistry, and physics.
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The overarching mathematical expression governing the motion of viscous, incompressible,
Newtonian fluids is the Navier-Stokes equations [11, 12]. It consists of partial differential
equations that equate changes in momentum (due to changes in acceleration) to the sum
of surface forces (pressure and viscosity) and body forces (gravity and electrostatics). The
solution to the equations is a flow velocity vector field: a set of vectors, each consisting
of a direction and magnitude that describe the velocity of the fluid at a specific time and
at a specific spatial position. Alternatively, uniform flow in a microfluidic channel can be
calculated using:

Q =uA (2.1)

where @ is the volumetric flow rate in m3/s, u is the fluid velocity, and A is the cross-
sectional area of the flow. In an analogy to Ohm’s Law in electronics, volumetric flow rate
can also be described by:

AP = QRpya (2.2)

where AP is the change in pressure and Rj,q is the hydrodynamic resistance of the channel.
Hydrodynamic resistance is dependent on the channel’s cross-sectional area [13]. For a
standard rectangular channel in microfluidics, hydrodynamic resistance can defined as:

1 12uL
1 —0.63(h/w) h3w

Rpya = (2.3)

where p is the dynamic viscosity of the fluid, h is the channel height, w is the channel width,
and L is the channel length. Together, Equations 2.1, 2.2, and 2.3 enable calculations on
fluid motion that are vastly more simple than solving the Navier-Stokes equations.

At the heart of microscale fluid behavior is laminar flow. Laminar flow is characterized
by smooth, predictable motion. In microchannels, laminar flow is the dominant behavior,
inherently differently from what one might observe with macroscale flow. In macroscale sys-
tems, fluid can undergo turbulent flow: motion that is chaotic, irregular, and unpredictable.
Systems dominated by laminar flow versus turbulent flow can be described by the Reynolds
number, a dimensionless quantity that compares inertial forces (due to fluid acceleration) to
viscous forces (due to resistance to flow) [14, 15]. The Reynolds number (Re) is defined as:

Re = — (2.4)
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Figure 2.3: Computational Fluid Dynamics (CFD) Simulations of Laminar Versus
Turbulent Flow. (A) COMSOL Multiphysics® [17] single-phase fluid simulations of lam-
inar flow in a 15 pm pore around a cylinder. Under laminar flow conditions with a no-slip
boundary condition, the streamlines closely follow the cylindrical surface, with no boundary
layer separation. In this scenario, the primary force on the cylinder is from frictional drag.
(B) COMSOL Multiphysics single-phase fluid simulations of turbulent flow, using the k-& tur-
bulent flow model interface [18]. To achieve turbulent flow, the geometry was isotropically
scaled 10,000-fold, while the inlet pressure was increased by 10-fold, resulting in a 100,000-fold
increase in Reynold’s number. Under turbulent flow conditions, the flow separates from the
boundary layer around the cylinder, creating a wake that takes the form of unpredictable eddies
and vortices. This phenomena creates a pressure gradient across the cylinder, resulting in an
additional drag force known as pressure drag.

where p is the fluid density, u is the fluid velocity, L is the characteristic length, and 7 is the
dynamic viscosity. A system with Re < 2000 is considered to behave with fully-developed
laminar flow [14-16]. In microfluidics, the Reynolds number is exceptionally low, often below
1, due to the small channel dimensions (L) and slow flow rates (u). As a result, viscous forces
(n) prevail over inertial forces. The fluid moves in parallel layers (streamlines), without
significant mixing. Figure 2.3A obtained using computational fluid dynamics, shows the
simulated laminar flow in a microchannel as fluid flows around a stationary cylinder. The
streamlines remain parallel across the microchannel, with a predictable and orderly rise in
velocity as they are compressed around the cylinder. In contrast, turbulent flow is designated
as systems with Re > 3500 [16]. In this case, inertial forces dominate, resulting in disorderly
flow with unpredictable fluid streamlines. Figure 2.3B shows the simulated flow under
the same operating conditions as Figure 2.3A; however, the dimensions were isotropically
scaled 10,000-fold and the inlet pressure scaled 10-fold, resulting in a 100,000-fold increase
in Re. This causes the flow to transition from laminar to turbulent, resulting in chaotic
streamlines that are no longer uniform and parallel. Note the non-uniform fluid velocity
around the stationary cylinder, caused by flow separation from the cylinder. This separation
creates a low-pressure region consisting of random eddies and vortices.
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Laminar flow is considered both an advantage and disadvantage for microfluidics. On the
one hand, the predictability of laminar flow is advantageous for designing and modeling
microfluidic behavior, enabling precise control over fluid movement. On the other hand,
laminar flow can hinder fluidic mixing. In macroscale systems, turbulence naturally promotes
mixing by dispersing solutes. In microchannels, achieving efficient mixing requires deliberate
strategies, such as exploiting diffusive processes [19].

The dominance of diffusion is another central microfluidic behavior. Diffusion is the net
movement of particles, such as atoms, ions, or molecules, from an area of higher concentration
to an area of lower concentration. This process occurs spontaneously due to the inherent
randomness of the diffusing entities (Brownian motion) and is driven by a gradient. This
gradient can be, for example, concentration, temperature, or pressure. Diffusion can be
described by Fick’s 1st law, which relates diffusive flux (amount of substance per unit area
per unit time) to the gradient of the concentration [14, 15]. Fick’s 1st law, in one dimension,
is:

oC;

h="Pige

(2.5)

where J; is the diffusive flux of solute ¢, D;; is the diffusion coefficient of solute ¢ in solvent j
(with units of area per time), and %% is the spatial concentration gradient of solute ¢ across
dimension x. The negative sign in Fick’s 1st law is necessary to point the flux in the correct
direction: when 0C} is positive, the concentration increases as x increases. The particle flux
is in the opposite direction, from the region of high to the region of low concentration. In
a low Reynolds number environment, the diffusion coefficient, or diffusivity, of a spherical

particle can be described by the Stokes-Einstein equation [20]:

kT
J 6mnr ( )

where k; is the Boltzmann constant, T' is absolute temperature, n is dynamic viscocity, and
r is the radius of the the spherical particle. From Equation 2.5 and 2.6, we see that diffusion
is primarily a function of concentration, length, temperature, and solvent viscosity. Finally,
the characteristic length for diffusion in one dimension from a single point source can be
described by:

(z%) = 2Dyt (2.7)

where z is the characteristic diffusion length in one dimension, D;; is the diffusion coefficient,
and t is time. For reference, the typical diffusion coefficient of biological compounds, such
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as small molecules and proteins, in water at room temperature is on the order of 1 to 500
pum?/s [21]. From Equation 2.7, we find that the approximate diffusion distance of a typical
biological compound in the timeframe of 1 second is on the order of 1 to 30 pm, which is on
the length scales of microfluidics. Thus, for microfluidic devices, diffusion plays an outsized
role in the transport of biological and chemical solutes. The small length scales and lack
of turbulent flow means that, in most cases, the incorporation of solutes in a microfluidic
channel is dominated by diffusive mixing.

The final central characteristic of microfluidics is the unique passive and active transport
mechanisms enabled by the micro length scale. Passive transport mechanisms are inherent
to the system itself and do not require additional energy input. FExamples include the
aforementioned diffusive transport [19], and phenomena such as osmosis [22] and capillary
action [23]. In contrast, active transport mechanisms make use of additional energy to drive
transport, and includes techniques such as electrokinetics [24] and thermocapillary convection
[25]. Here, I will highlight two mechanisms: capillary action and electrokinetics.

Capillary action, also known as capillarity, is a the phenomenon observed when fluid naturally
moves through narrow tubes or spaces, without an external driving force [23]. This behavior
results from the interplay of two forces: surface tension and adhesion. Surface tension arises
at the interface between the fluid itself and the surrounding gas. The molecules within the
fluid experience uniform cohesive forces. However, molecules at the surface of the liquid-gas
interface experience imbalanced cohesive forces. This creates internal pressures that, when
competing again adhesive forces between the fluid and solid surroundings, creates a net force
for movement [14, 15]. Capillary effects are a common way to move fluids in microfluidic
systems because they require no external inputs, making them ideal for at-home use in assays
like at-home pregnancy or COVID-19 antigen tests [3, 26, 27]. Benefits in research are of
similar nature: capillary effects allow engineers to “pre-program” the movement of fluid in
a device without the need for peripheral equipment.

In contrast to passive transport mechanism such as capillary action, active mechanisms
such as electrokinetics use voltage to manipulate fluid flow. Electrokinetics is an umbrella
term specifically referring to the manipulation of ionic fluids or solid surfaces through their
interaction with an electric field [24]. Two main transport phenomena under electrokinetics
are electroosmosis and electrophoresis. Electroosmosis is the movement of an electrolytic
fluid by an electric potential. When an electrolytic fluid interacts with a solid surface, a thin
charged layer known as the electric double layer (EDL) is formed. The EDL is the result of
a natural redistribution of charged ions, creating a specific surface charge at the liquid-solid
boundary [28]. However, the overall system maintains charge neutrality. In microfluidics,
the thickness of the EDL (known as the Debye length) is on the same order of magnitude
as the fluidic channel, resulting in electroosmotic flow that would otherwise be negligible
in larger channels. Likewise, electrophoresis is the movement of charged particles within a
stationary liquid. In this case, surface charges on the particle are manipulated by an induced
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Figure 2.4: Microfluidic Advantages and Applications. Microfluidics enable a multi-
tude of applications in biomedical research. From low reagent usage to massive parallelization,
the advantages of microfluidic systems have fueled countless biomedical research innovations,
including high-throughput single cell analysis and “organ-on-a-chip” technology. The appli-
cations highlighted here represent only a fraction of the developments made by the broader
microfluidics community [33, 34].

electric field, allowing the particles to be moved accordingly [29]. Both transport phenomena
have been widely employed in microfluidics to perform chemical separations [30], manipulate
biological species [31], or for electronic flow control schemes [32].

In this summary of the physical principles behind microfluidic flow, I selected three specific
properties to review: laminar behavior, diffusion, and unique microscale transport mech-
anism, mainly capillary action and electrokinetics. These properties form the foundation
of microfluidic behavior and offer a quick glimpse at the fascinating transport phenomena
present in fluids at the microscale.

2.1.2 Advantages and Disadvantages

Microfluidic systems can offer unique advantages and disadvantages when compared to tradi-
tional bench-top assays [35]. The most evident advantage is low sample and reagent volumes.
Miniaturizing experiments onto microfluidic devices results in significantly reduced operating
volumes. This directly translates into experimental cost savings: assays that use precious
samples or expensive reagents can be executed more affordably [36]. Another distinct ad-
vantage of microfluidic devices is with throughput, scalability and automation. Devices can
be designed to process samples in a high-throughput manner, without direct user interven-
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tion, resulting in systems that can collect data at faster rates [37-39]. This also allows for
more precise and efficient reactions, limiting user error and user fatigue [40]. Scalability
also benefits fabrication, before experiments are even run. Microfluidic devices are often
fabricated in batches, using economies of scale to reduce the per-device cost [41]. This again
improves the affordability of microfluidic experiments. Section 3.3 will further detail the
microfluidic fabrication process. Finally, microfluidic devices operate at the same scale as
many biological species of interest, from cells to proteins. By replicating the physiologically
relevant dimensions of biology, microfludics can uniquely perform assays that would be more
challenging in macro-scale environments, such as single-cell experiments [5, 42-44].

A few indirect benefits also contribute to the appeal of microfluidic systems. The smaller
footprint of microfluidic systems increases portability [45]. This enables more flexible func-
tionality for various operating conditions, including in resource-limited environments [46].
Furthermore, microfluidic systems often allow for versatile design schemes: microvalves, mi-
cropumps, electrodes, and optics can be integrated directly into the device, satisfying a wide
range of experimental needs [37, 47-50]. Microfluidic compatibility with optics and imaging
has been of particular importance, enabling experimental designs that can, for example, sort
cells [51] or analyze proteins [52]. Likewise, the unique mass transport phenomena described
throughout Section 2.1.1 can also be exploited, resulting in emergent approaches such as
inertial microfluidics [53, 54].

However, there remains some disadvantages to the use of microfluidics systems. The main
limitation is the high barrier-to-entry for microfluidic incorporation [55]. The advent of
microfluidic systems promised to miniaturize experiments, hence the term “lab-on-a-chip”.
Nonetheless, the reality is that microfluidic systems are reliant on lab-scale external hard-
ware, such as vacuum pumps, microscopes, and pressure controllers. The moniker “lab-on-
a~chip” is often ironically rephrased as “chip-in-a-lab” [56, 57]. This high barrier-to-entry
limits the accessibility of microfluidic technology, often relinquishing it as a niche technique
for biologists and engineers willing to make the necessary time and knowledge investment.
Simultaneously, the tailored designs of many microfluidic systems, in addition to their op-
erational complexity, further limits broader accessibility outside of specialist laboratories
[58]. Despite some drawbacks, microfluidic systems remain an unique and versatile experi-
mental technique [59]. From reduced volumes to diverse compatibility, they enable modern
biomedical research at the micro-scale (Figure 2.4A).

2.1.3 Modern Applications in Biomedical Research

A wide range of microfluidic systems have been developed by the research community over
the past three decades. While this dissertation focuses on using microfluidics for single-cell
biophysical phenotyping, I highlight a few different ways (Figure 2.4B) microfluidics have
been employed.
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The rise in microfluidic chips for single-cell analysis parallels the increased accessibility of
DNA sequencing and related technologies such as single-cell RNA sequencing. Microfluidic
systems are ideal for manipulating, isolating, and measuring single-cells, enabling new ad-
vances in cellular biology. A popular approach for doing so is with droplet microfluidics [8,
60-62]. Droplet microfluidics involves the encapsulation of cells and reagents into a droplet
that is in an immiscible carrier fluid, typically an oil-water emulsion. The process can
be encapsulate hundreds of cells per second, making it a highly viable technique for high-
throughput single-cell analysis [39, 51, 63-65]. In just one example, droplet microfluidics
were used to screen over 40,000 cells to identify transcriptionally distinct cells [66]. This
dataset helped create a molecular atlas of gene expression, with the goal of identifying cell
classes and novel candidate cell subtypes in mouse retinal cells.

Cell and tissue cultivation on microfluidic devices have been envisioned as an alternative to in
vivo testing [10, 67-70]. Sometimes referred to as “organ-on-a-chip”, these devices typically
involve the growth of cells within microfluidic chambers that are continuously perfused with
nutrients by adjacent channels. The goal of the technology is to investigate organ physiology
and disease etiology, and facilitate drug discovery and development. In one study, microflu-
idic devices, each with active cell cultures from a single tissue type, were interconnected to
form a model of a multi-organ microphysiological system [71]. Likewise, other systems have
focused on single organ recapitulation or disease modeling [72-75].

Finally, microfluidic systems have also been employed for various molecular and biochemical
analysis. One such example is with lateral flow assays, briefly discussed at the beginning of
this section (Section 2.1). Lateral flow assays broadly fall into a category known as ”paper-
based microfluidics” [76-78], which rely on capillary action to drive fluid flow. Applications
of paper-based microfluidics range from enzyme-linked immunosorbent assays (ELISA) [79,
80] to genetic tests for malaria [81]. Beyond paper microfluidics, alternative detection mech-
anisms, such as advanced imaging [82-85] or electrophoresis [29, 86-88], have also been
used for microfluidic molecular analysis. These techniques all utilize microfluidic advantages
such as lower volumes and improved reaction efficiencies in order to optimize experimental
parameters, improve sample recovery, and gain measurement sensitivity.

2.2 Single-Cell and Multimodal Analysis

Single-cell analysis refers to the approach in which each individual cell is examined and
studied. This stands in contrast to conventional approaches, in which bulk tissue-level
samples are examined collectively, with the assumption that the cells in a particular tissue
type are morphologically and genetically identical. Over the past decade, this assumption
has been repeatedly eroded [89, 90]. It is now widely understood that, even within tissue
and cell types, broad heterogeneity exists [91-95]. Each cell is regarded as a unique entity,
working in concert with neighboring cells and reacting to the surrounding environment to
coordinate population level responses.
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The significance of single-cell approaches is evident when examining Xenopus oocytes mat-
uration. Ferrell and Machleder observed that immature Xenopus oocytes exhibit interesting
behavior when exposed to progesterone [96]. Progesterone is a critical hormone for oocyte
maturation, inducing a cascade of events that lead to final cell arrest in the metaphase of
meiosis. More specifically, progesterone induces the phosphorylation and activation of p42
MAPK, a key mediator that signals another cell division protein, Cdk2, to complete the final
maturation of the oocyte [97]. Data from ensemble averages of oocytes responses suggested
that a continuous input of progesterone would correlate with a continuous signaling output;
i.e. more progesterone would result in more photphorylation of p42 MAPK, and thus more
stimulus to Cdk2, and so forth. This would imply that, on average, oocytes respond pro-
portionally to the level of progesterone stimulation. For example, an intermediate level of
stimulation would result in an intermediate commitment to maturation. However, examining
individual oocytes showed that rather than exhibiting a graded response, oocytes displayed
an all-or-nothing commitment. In other words, the population of stimulated oocytes com-
prised of two distinct subpopulations: committed and noncommitted; there were no oocytes
at intermediate levels of commitment. This phenomenon challenged the notion of a smooth,
continuous transition and underscored the importance of understanding mechanisms at the
single-cell level. While bulk averages predicted a graded response, single-cell analysis re-
vealed a unique binary response. Biological tools and approaches must consider single cells
to accurately capture underlying processes.

In similar studies, researchers used single-cell approaches to reveal new insights on cell behav-
ior. Loo et. al. examined cell heterogenity during the adipogenesis of 3T3-L1 preadipocytes
[98]. To track the progress of differentiation, bulk readouts of adiponectin hormone produc-
tion and of lipid droplet expression was used. As the readouts of these parameters moved
from low to high, it was expected that the average cell also progressed from an undiffer-
entiated to differentiated internal state. However, Loo et. al. found a dynamic mixture
of subpopulations instead, in which only a small subset of cells underwent full adipogene-
sis. Likewise, in a more direct approach, Shalek et. al. used single-cell RNA sequencing
to examine heterogeneity in mouse bone-marrow-derived dendritic cells (BMDCs) response
to lipopolysaccharide (LPS) [99]. LPS are large molecules commonly found on the outer-
most membrane of Gram-negative bacteria, and have important implications in immunology
[100]. Unsurprisingly, the researchers uncovered broad single-cell heterogeneity, with many
key immune genes bimodally expressed. These studies highlight the power of single-cell
approaches. It allows researchers to uncover hidden diversity among cells and reach more
accurate conclusions about cellular states and behaviour (Figure 2.5).

Multimodal analysis refers to approaches that combine multiple measurements on a single
target, in this case, a single cell. Taking multimodal measurements enables deeper conclu-
sions versus that if the measurements were taken separately. The leading archetype of this
approach is in multiomic measurements. Multiomics is a multimodal research approach in
which multiple “omic” measurements are combined, such as genomics, epigenomics, tran-
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Figure 2.5: Bulk Versus Single-Cell Analysis. When analyzing a heterogeneous popula-
tion of cells, a bulk analysis (top row) consists of taking measurements on the population as
a whole. This results in "averaged” data (purple curve) that does not reflect the underlying
heterogeneity. Meanwhile, a single-cell approach (bottom row) isolates each cell in the popu-
lation, and takes individual measurements on every cell. This results in ”single-cell” data (red
and blue curve) that can discern subpopulation differences.

scriptomics, proteomics and metabolomics [101]. An early implementation of this approach
was by Sey et. al. in a technique called DR-seq (gDNA-mRNA sequencing). In this work,
the researchers examined a fundamental aspect of biology: the distinction between geno-
type, encoded by DNA, and phenotype, encoded by RNA. The overarching question aimed
to understand how sequence variation affected phenotypic traits. With paired genomic and
transcriptomic data, the authors showed that copy number variations played a critical role
in the variability of gene expression among individual cells. Genes with high transcriptomic
expression variablity generally had lower genomic copy numbers. In another example of
multimodal measurements, researchers combined imaging and sequencing technologies to
explore protein-DNA interactions in the nuclear lamina [102]. Specifically, they examined
interactions between the Lamin-B1 protein and lamina-associated domains (LADs) in trans-
fected HEK293 human embryonic kidney cells. Using a microfluidic chip, viable cells were
identified, sorted and imaged prior to sequencing. A tracer protein conjugated to green flu-
orescent protein (GFP) enabled the visualization of the lamina associated domains within
the nucleus. The imaged data of each cell was then paired with downstream sequencing
data, resulting in a unique joint analysis of morphological and genetic data. One correlation
identified was that cells with larger nuclei yielded more unique fragments sequenced; another
showed that greater fluorescent expression correlated with higher coverage in less lamina-
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associated regions of the genome. Overall, the researchers showed that their approach can
be used to identify and sort cells based on visual phenotypes that correlate with sequencing
measurements.

Single-cell and multi-modal measurements are powerful approaches for understanding the
complex biology of cells. In chapters 4 and 5, I will describe our approach to single cell
multimodal measurements using Multi-Zone Visco-NPS and Combo-NPS. These platforms
capture multiple biophysical properties for each single cell, enabling novel analytical ap-
proaches.

2.3 Biophysical Phenotyping

Biological systems are often characterized through the lens of molecular biology and bio-
chemistry. However, cells and tissue are physical entities as much as they are chemical.
Interpreting cells as physical dynamic, living, materials gives rise to approaches typically
reserved for engineering disciplines, such as the exploration of material rheology. The in-
vestigation of living systems, in particularly single cells, from the perspective of biophysics
enables a new paradigm in biomedical research that bridges the interface of biology, physics,
material science, and engineering. For this dissertation, biophysical phenotyping is co-opted
to include examining surface marker expression, among other mechanical properties such as:
morphology, elasticity, and viscosity.

2.3.1 Significance of Biomechanics and Mechanobiology

When examining the biophysical mechanics of a cell, there are two canonical fields of study:
biomechanics and mechanobiology [103]. Biomechanics is the study of the physical mechani-
cal properties of a cell or tissue. It explicitly examines the quantitative mechanical behavior
of a biological sample of interest, characterizing. For example, Alhalhooly et. al. exam-
ined how the biomechanics of multiple cell types (brain, breast, prostate, and pancreatic
cancer cells) change in response to standard chemotherapeutic drugs [104]. Alternatively,
mechanobiology is the study of how mechanical forces affect biological systems. This includes
investigating the molecular pathways cells utilize to sense and respond to external physical
stimuli. For example, Argentati et. al. reviewed the underlying pathways in which stem
cells respond to mechanical force, highlighting the intricate interplay between the ECM,
focal adhesion complexes, cytoskeleton and nucleskeleton proteins for both mechanosensing
and mechanotransduction [105].

The work presented in this dissertation is largely focused on development of tools that en-
able the measurement of cellular biomechanics, rather than the underlying mechanobiology
that give rise to the distinct cellular biomechanics. Nonetheless, the two areas of study
are highly interlinked. Understanding the underlying mechanobiology enables greater un-
derstanding of the fundamental reasons behind distinct biomechanical attributes. Likewise,
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measuring differences in biomechanical attributes contributes and motivates further stud-
ies of mechanobiology phenomenon. In a more explicit example of the relation between
biomechanics and mechanobiology, we can look at research of cancerous tissue. Quantitative
biomechanics have shown that cancer cells are softer than their non-malignant counterparts
[106-108]. The exact reason behind this remains an open area of research. Nonetheless, our
understanding of cellular mechanobiology helps rationalize this phenomenon: cell undergo
numerous changes during their path towards malignancy, including changes in cytoskeletal
organization and nuclear morphology [109-112]. These various changes contribute to the
mechanical transformation of a healthy cell from stiff to more compliant. Ultimately, while
the work presented here is largely focused on biomechanical tools, it remains worthy of
maintaining both a biomechanics and mechanobiology perspective.

Cellular biomechanics and mechanobiology are important because they reflect cell function
[113], fate [114], and disease [109]. From the perspective of cancer development and pro-
gression, it is well known that biomechanical transformations of the affected tissue transpire
in parallel with traditional hallmarks of cancer, such as oncogene activation and angiogen-
esis [109]. Thus, investigating cancer from a biophysical perspective can provide valuable
quantitative information that enhances our understanding of this multifaceted and highly
complex disease. Measurements on the intrinsic biophysical properties of cells could com-
pliment conventional molecular and genetic analyses, revealing more about each individual
cell.

2.3.2 Conventional Tools for Biophysical Phenotyping

The gold-standard for single-cell biophysical phenotyping is to use atomic force microscopy
(AFM). AFM is a well-established, commercially-available tool that uses a cantilevered beam
and a micro-fabricated tip to spatially probe the mechanics of a cell. The tip itself can be
as small as a few nanometers, enabling a high-resolution, localized measurement of the
cell surface. Since the first introduction of AFM in 1989, its use in research has grow
exponentially, and is now one of the most popular and widely accepted tools used to study
cellular mechanics [115]. In one study, Rother et. al used AFM to measure and compare the
viscoelastic properties of malignant and benign cell lines [116]. Using a pyramidal cantilever-
tip geometry oscillating at a frequeny between 1 to 100 Hz, the authors measured up to 10
cells under constant force. Localized force map “images” of the cells revealed that, in general,
adherent cells exhibited higher stiffness at their periphery, a result attributed to the presence
of a stiff actomyosin cytoskeletal ring common in cell peripheries. Furthermore, the authors
found that the viscoelastic properties were distinct amongst the cells tested, where benign
cell types, such as MCF-10 breast epithelial cells and NIH/3T3 fibroblast cells, were stiffer
than malignant cell types, such as MDA-MB-231 invasive breast epithelial cells and SW13
malignant adrenal gland epithelial cells.

Other conventional techniques include micropipette aspiration [117, 118], microbead rheom-
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etry [119, 120], and optical stretchers [121-123]. Micropipette aspiration utilizes negative
pressure to deform partially a cell through a micropipette cavity. The deformation geometry
is then analyzed in order to calculate mechanical properties such as the elastic (Young’s)
modulus. Next, microbead rheometry typically uses microbeads attached to the cell surface.
The microbeads are magnetically perturbed, generating forces on the cell that can then be
measured. Finally, optical stretchers use a double-beam trap in which two opposed, slightly
divergent, and identical laser beams with a Gaussian intensity profile trap a cell at the center
of a fluidic channel. This occurs because the light itself carries momentum. Thus, when the
ray of light is reflected or refracted at an interface between the cell and the surrounding
media, it is forced to change direction and velocity, resulting in a change of momentum.
Because momentum is conserved, some of the light’s momentum is transferred to the inter-
face, ultimately exerting a force on the cell’s surface. By applying piconewtons of force on a
cell and examining the cell’s deformation geometry, optical stretchers can also characterize
a cell’s biomechanical properties.

Conventional techniques, such as those described above, have one major limitation: sample
throughput. Throughput refers to the number of cells that can be measured within a specified
time-frame, and is a critical factor when conducting single-cell measurements. As emphasized
in the Section 2.2, one of the main advantages of single-cell analysis is the capability to
uncover underlying heterogeneity. The practical implementation of this advantage requires
a sufficient sample size such that statistically significant inferences can be made. In the case
of AFM and optical stretchers, the throughput remains far below 1 cell per second [115].
Traditional AFM can take up to 10 minutes just to measure one single cell; though recent
improvements have significantly increased AFM speed [124]. Nonetheless, low throughputs
continue to hinder conventional techniques from wider research applications and clinical
adoption [125].

Another remaining issue with conventional techniques is the significant variance when mea-
suring single cell mechanical properties. Each technique has its own unique set of operating
procedures. Coupled with the diversity of analysis approaches, and it is no surprise that
published results on the same sample types can vary broadly. In one study [126], the au-
thors found up to a 1000 fold difference in the elastic modulus of breast epithelial cells when
comparing measurements between AFM, optical stretchers, and microbead-based techniques.

The answer to these limitations lies with microfluidics. Microfluidics offers the capability of
measuring cells at greater throughputs, all while automating much of the technique itself,
improving reproducibility. The advantages of microfluidics, detailed in Section 2.1.2, remain
a natural asset for measuring single-cell mechanics. The following section will describe
modern microfluidic approaches toward single-cell biophysical phenotyping, and how they
improve upon existing conventional techniques.
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Figure 2.6: Comparison of Single-Cell Mechanical Phenotyping Techniques.
Throughput (number of cells measured per second) versus mechanical information content
(number of biophysical parameters captured) are compared for various single-cell mechanical
phenotyping techniques. Highlighted here are four different techniques: deformability cytome-
try images cell shape under hydrodynamic stresses; cell-transit analyzers examine passage time
through narrow constriction channels; optical stretchers use light to apply piconewtons of force
on cells; AFM uses a cantilever probe to both apply force and record response. This figure is
adapted from [115, 127-131].

2.3.3 Modern Microfluidic Approaches for Single-Cell
Biophysical Phenotyping

Microfluidic approaches toward single-cell biophysical phenotyping increase sample through-
put using a variety of techniques (Figure 2.6). A common approach is to incorporate narrow
constriction channels that efficiently strain cells in a moderate to high throughput manner
[132, 133]. Inlet pressure forces cells to file through the constriction, deforming each passing
cell in the process. Parameters such as cell morphology or transit time can then be assessed
to determine mechanical properties, such as deformability. Readout of cellular physical prop-
erties can be done via cantilever resonance (Figure 2.6) [129] or from morphological imaging
[134]. The approaches in this dissertation implement a form of narrow constriction channels,
utilizing ohmic resistance as a label-free readout of cellular attributes. Chapter 3 further
details this specific approach. Beyond physical constrictions by the channel walls, strain can
also be applied using hydrodynamic fluid forces. In deformable cytometry (DC) (Figure
2.6) [128] and real-time deformable cytometry (rt-DC) [135], cells are perturbed at up to
1000 cells/s, vastly outperforming alternative mechanical phenotyping platforms. For exam-
ple, Ahmmed et. al. introduced “Multi-sample deformability cytometry” (MS-DC) in which
they incorporated multiple hydrodynamic deformation channels to measure a reservoir of
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breast and prostate cancer cells [136]. In this approach, the authors tested up to 9 cell types
at a throughput of 100 cells per second, showing the canonical result that malignant cell are
indeed more deformable than non-malignant cells. The trade-off is that theses platforms can
only record elementary parameters, often relying on high-speed cameras to capture the mor-
phology of the cells during deformation. Additional physical properties, including elasticity
and viscosity, are only be inferred from elementary deformability ratios. Novel approaches
have been developed to address these limitations, incorporating quantitative modeling to
further ascertain biophysical properties [137, 138]. New microfluidic approaches continued
to be developed, enabling advanced mechanical phenotyping of single-cells with capabilities
beyond conventional approaches.

2.3.4 Research and Clinical Applications Of Single-Cell
Biophysical Phenotyping

Cellular biomechanics bridges the gap between physics, biology, and medicine, offering excit-
ing avenues for understanding health and disease at the cellular scale. The study of cellular
biomechanics and biophysical properties has broad research and clinical applications. Here,
I highlight a few notable examples.

The archetypal example of the relevance of cellular biomechanics is to exploring the underly-
ing cytoskeleton. The cytoskeleton is a dynamic and intricate network of interlinked protein
filaments that extends from the cell nucleus to the cell membrane. It consists of three main
components (actin filaments, microtubules, intermediate filaments) that support a multitude
of functions, from maintaining the cell’s shape and mechanical stability to serving as an in-
ternal transport highway for proteins, molecules, and other cargo [139]. Cells are constantly
under internal and external forces, resulting in changes that act throughout the cytoskeleton,
ultimately affecting local mechanical properties and cellular state [140-142]. How physical
forces are transduced by the dynamic cytoskeleton and the responses cells form contribute
to a broader understanding of cellular behavior. Studying single-cell biomechanics is just
one avenue towards a more comprehensive understanding of the cytoskeleton.

Cellular biomechanics have also been useful in understanding infection, such as how Plas-
modium parasites, the causative agents of malaria, attack human red blood cells (RBCs).
Among other findings, Introini et. al. review critical aspects of cellular biophysical properties
before and after a malaria infection [143]. They note that the complex phases of infection
alter the biophysical properties of RBCs in a multitude of ways, with the conclusion that
parasite-infected RBC have increased physical rigidity. This exploration of biophysical prop-
erties has contributed to a greater understanding of how malaria affects RBC mechanics
during invasion, with promise for better diagnostic and treatment opportunities.

Similarly, researchers have explored the link between cellular biomechanics and metabolism.
As mentioned previously, external forces can induce changes in cell state, including internal
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metabolic changes. Multiple signalling pathways involved in cellular metabolism have been
shown to be tied to cellular mechanosensing. One example is the RhoA GTPase pathway,
which connects surface integrins and cadherins to cytoskeletal proteins in order to acceler-
ate glucose metabolism [144]. A better understanding of the cross-talk between metabolic
processes and cellular biomechanics contribute to diagnostic and therapeutic opportunities
for metabolic disorders.

Finally, cellular biomechanics have been broadly regarded as an avenue to better understand
the development and treatment of cancer. Physical changes in the cellular biomechanics are
well documented during a transition towards tumor malignancy [106, 110]. This includes
cytoskeletal remodeling due to increased solid and fluid stresses, new activated mechanosig-
naling pathways, and changing microarchitecture from altered growth patterns and increased
extracellular matrix deposition [109, 112, 145-147|. Consequently, measuring and investigat-
ing the biomechanical changes before and after malignant transformation could be a critical
component in developing new approaches toward cancer treatment. The work further pre-
sented in Chapters 4 and 5 detail my approaches on using novel microfluidic platforms to
investigate and compare non-malignant and malignant immortalized cells, and to explore
characteristics of primary cells with varying degree of breast cancer risk.

Beyond applications in research, novel clinical applications have also been demonstrated
to take advantage of single-cell biophysical phenotyping. Advancements in measurement
throughput made possible by microfluidic systems (described in the previous subsection)
have made clinical adoption of biophysical phenotyping a near-term possibility [115].

In one study, Tse et. al. used mechanical phenotyping to analyze and identify malignant
cells in pleural effusions [148]. Pleural effusions are unwanted fluid accumulation outside of
the lungs; while the direct pathology is unknown, they can occur during infection or kidney
failure [149]. The makeup of the pleural effusions can sometimes disseminate tumor cells,
which can be hard to identify, complicating a clear prognosis. Moreover, conclusive diagnosis
of pleural effusions is vital for patient outcomes, as the presence of malignant tumor cells
often suggests a late-stage disease that requires aggressive treatment. The researchers mea-
sured the deformability of 119 patient samples, and classified the cells against known clinical
outcomes: negative for malignant cells(NMC), acute inflammation (AI), chronic/mixed in-
flammation (CMI), atypical cells (ACs), and malignant pleural effusions (MPEs). They
found that samples containing MPEs, validated by professional cytological analysis, had
unique physical traits: typically larger in diameter and more deformable. Using these cellular
biomechanical characteristics, the researchers successfully classify MPEs in patient samples,
with a test area under the curve (AUC) of 0.86. This early work demonstrated how physical
biomarkers could be useful in the clinic. The approach has potential to be implemented in
a clinical workflow as a prescreening tool, reducing cytopathologist work loads.

In a similar study, Remmerbach et. al. used mechanical phenotyping to screen suspicious
lesions in the oral cavity for squamous cell carcinomas. They found that malignant cells were
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more deformable than their healthy counterparts, and confirmed such findings with standard
histology. This is again another clear demonstration of the potential impact of single-cell
biophysical phenotyping in the clinic, enabling more rapid, quantitative diagnostic readouts
in a label-free manner. Beyond tumor diagnostics, mechanical phenotyping have been shown
to assist in classifying drug effectiveness [150]. For example, Li et. al. examined the use
of all-trans retinoic acid (ATRA) in treating acute promyelocytic leukemia (APL) [151]. In
APL, the standard of care is to quickly administer ATRA; however, a proportion of patients
remain resistant to the drug. The rapid identification of resistant patients is critical for
positive care outcomes, as such patients require alternative interventions. Among other
results, Li et. al. showed that ATRA resistant cells are much stiffer than ATRA-sensitive
counterpart, opening a promising avenue in using cell mechanics to screen for drug resistance.

In summary, single-cell mechanical properties play a pivotal role in both research and clinical
contexts. These properties serve as valuable indicators, shedding light on various aspects
of cell state behavior, from the cytoskeleton to metabolic processes and even malignancy.
From a clinical standpoint, understanding these mechanical attributes provides novel insights
into disease progression and drug resistance. Overall, a multitude of research and clinical
applications have been shown to utilize or incorporate single-cell mechanical properties, with
growing interest and studies in the field constantly expanding.

2.4 Conclusion

I present the motivation, technical foundation, and relevant background related to my dis-
sertation work on microfluidic devices for multimodal, single-cell biophysical phenotyping.
In three comprehensive sections, I introduce and thoroughly review microfluidics, explain
the significance behind multimodal single-cell analysis, and detail the motivation and appli-
cations of biophysical phenotyping in modern biomedical research. Ultimately, this chapter
provides the essential foundation needed for detailed understanding of the microfluidic sys-
tems described in Chapters 4 and 5. In the following chapter, I delve further into the primary
methodologies employed and detail specific design and fabrication processes.
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Chapter 3

Methods: Node-Pore Sensing

This chapter is partially adapted from a previously published paper:

A. Lai, R. Rex, K. L. Cotner, A. Dong, M. Lustig, L. L. Sohn, “Mechano-Node-Pore Sensing:
A Rapid, Label-Free Platform for Multi-Parameter Single-Cell Viscoelastic Measurements.”
J. Vis. Exp. (190), 64665, doi:10.3791/64665 (2022).

This chapter will describe my approach towards single-cell biophysical phenotyping using
Node-Pore Sensing (NPS). I will start by reviewing the broader field of microfluidic resistive
pulse sensing (RPS), and transition into the theory and operation of NPS. Likewise, I will
describe prior work that utilized NPS, specifically two platforms named mechano-NPS and
visco-NPS. Finally, I will describe the practical implementations of NPS, from device fabri-
cation, to hardware design and software analysis. The approaches and processes described
in this chapter form the fundamental methodologies utilized in Chapters 4 and 5.

3.1 Resistive Pulse Sensing (RPS)

In a standard resistive pulse sensing (RPS) configuration, the electrical resistance across a
narrow fluidic channel is measured as particles traverse through [152-157]. Distinct resistive
pulses are created as the non-conductive particles partially block the electric field lines. Node-
Pore Sensing (NPS) [1, 132, 151, 158, 159], further discussed in Section 3.2, is a variation
of resistive pulse sensing (RPS), in which signal-to-noise ratio is improved by modulating
the narrow fluidic channel with a series of nodes and pores. The modulation in geometry
produces unique resistive pulse signatures that help overcome low SNR [1].

An advantage of RPS (and impedance cytometry) techniques is the ability to perform label-
free measurements. Because RPS relies on the partial blocking of electric fields caused by
insulating particles, single-cells can be measured without the need for any exogenous labeling.
Conventional methods for single-cell characterization typically use fluorescent or magnetic
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Figure 3.1: Computational Simulation of Electric Field Across A Narrow Pore.
RPS is a technique that measures the changes in electrical resistance across a narrow pore.
Shown here is a computational simulation performed in COMSOL Multiphysics® [17] of how
the electric field lines change across a narrow pore. The pore is filled with a conductive
electrolyte, with a stationary circular geometry at the center, representing the presence of an
insulative particle such as a cell. A potential of 5 V is applied from left to right, as illustrated
by the equipotential lines. Note how the electric field density increases around the circular
geometry, representing an overall increase in the resistance measured across the pore.

labels. The biochemical alterations from the labeling process can potentially influence the
state of the cell, introducing a confounding factor that results in a non-ideal measurement
[160]. Furthermore, the use or exogenous labels requires previous understanding of the prop-
erty being targeted—there must be existing work such that a probe of adequate specificity can
be used. Finally, label-based methodologies require additional preparation time, increasing
cost and reducing clinical accessibility [161]. Ultimately, label-free measurements such as
RPS negate these aforementioned drawbacks and improve data quality while maintaining
measurement accessibility.

3.1.1 Background and Theory

Resistive pulse sensing (RPS) is a technique based on the Coulter principle, which states
that particles traversing an aperture with an applied electric current will produce a change
in impedance proportional to the volume of the particle [152, 157, 162]. This change in
impedance is due to the partial blocking of the electric field caused by the transiting particle.
In biomedical applications, Coulter counters and RPS are broadly utilized for counting and
sizing cells, bacteria, and viruses [153-156, 163, 164]. For example, in clinical hematology,
Coulter counters are used to obtain information about patients’ blood cells, such as blood
count and size distribution [165].

For the practical implementation of the Coulter principle, three criteria need to be met:
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1. The particles of interest should be suspended in a conductive fluid.

2. The electric field lines should have a sufficient high current density such that the
passage of the particles sufficiently block the electric field lines, resulting in detectable
changes in current (Figure 3.1).

3. The passing particles should be diluted such that only a single particle passes through
the pore in any given moment.

Overall, any implementation of the Coulter principle must compromise between real-world
limitations. For example, creating a smaller pore to satisfy requirement #2 will improve
signal-to-noise ratio, but at a loss of dynamic range and device reliability. Likewise, diluting
the particle suspension will help satisfy criteria #3, but will also result in reduced sample
throughput. Metrics such as sensitivity, noise, throughput, and reliability must be balanced
depending on the specific application requirements.

Advancing upon the Coulter principle, DeBlois and Bean derived the quantitative relation
between changes in current and particle size in 1970 [152]. They found that the total change
in electrical resistance across a narrow constriction is proportional to the ratio between the
particle volume (V},) and the constriction volume (V.):

v,
AR= A (3.1)

c

where A is a scalar factor that depends on variables such as constriction geometry and fluid
conductivity. More specifically, the mathematical relation between a change in resistance
caused a particle transiting through a narrow pore, can be described by [153]:

AR &
R ~ D%,L

1
= o.8(d/D§ff)] (3:2)

where AR is the change in resistance from baseline, R is the baseline resistance of the
conductive pore, d is the diameter of the particle, D.ss is the effective diameter of the
pore, and L is the length of the pore. The effective diameter (D.f¢) is an experimentally
derived constant, calibrated by measuring particles of a known diameter. Equation 3.2 is
used throughout Chapters 4 and 5 to calculate the diameter of transiting cells from measured
changes in resistance.

3.2 Node-Pore Sensing (NPS)

Node-pore sensing builds upon the principles of RPS by incorporating a series of nodes within
a narrow pore [1, 132, 151, 158, 159]. These nodes are wider than the pore itself, and are
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Figure 3.2: Design and Signal Differences Between RPS and NPS. Both RPS and
NPS measure the electrical resistance across a narrow pore as a small particle, such as a cell,
transits across. RPS consists of a simple linear pore, resulting in a rectangular pulse [152-157].

NPS incorporates nodes into a linear pore, resulting in a rectangular pulse that is periodically
modulated [1, 132, 151, 158, 159].

designed to modulate the resistive pulse signal. When a cell passes from a narrow pore to
a wider node, electrical resistance is allowed to momentarily return to baseline, resulting in
distinctive subpulses that contribute to an overall increase in the signal-to-noise ratio (SNR)
[1]. Figure 3.2 highlights the signal pulse differences between RPS and NPS. RPS, with
a single narrow pore, is useful for simple counting and sizing applications. In contrast, the
addition of wider nodes in NPS divide the signal pulse, providing temporospatial information
about the particle as it move through the pore.

3.2.1 Mechano-NPS and Visco-NPS

NPS was previously incorporated in two unique microfluidic devices, termed Mechano-NPS
[132] and Visco-NPS [159]. Both platforms were designed to measure the mechanical proper-
ties of single-cells. The former incorporated a series of nodes and pores in conjunction with
a linear contraction channel (Figure 3.3A), while the latter replaced the linear contraction
channel with a unique sinusoidal contraction channel (Figure 3.3B). Both approaches used
an identical 4-terminal measurement set-up, in which the outer electrodes applied a constant
voltage, while the inner electrodes measured changes in electrical current before, during, and
after cell transit events.

Using the linear contraction channel, Mechano-NPS measured cell diameter, cell deforma-
bility, and cell recovery from deformation. Deformability was quantified using a custom
dimensionless index termed the whole-cell deformability index (wCDI) [132]:

L, d
Uflow hchannel ATC

wCDI = (3.3)
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Figure 3.3: Linear Versus Sinusoidal Contraction Channels Used in Mechano-NPS
[132] and Visco-NPS [159] (A) Characteristic linear contraction channel used in mechano-
NPS to measure whole-cell deformability [132]. (B) Characteristic sinusoidal contraction chan-
nel used in visco-NPS to measure cellular viscoelasticity [159]. In both designs, the contraction
segment was preceded by a sizing pore and node. Likewise, both approaches used a standard
4-terminal measurement to record changes in electrical current as cells were strained through
the contraction. By changing the geometry that strained the cell, difference mechanical prop-
erties were measured.

where L. is the length of the contraction segment, Uy, is the mean cell velocity in the
pore, hepanner is the channel height, d is the cell diameter, and AT, is the duration (width)
of the contraction subpulse. wCDI is a relative indicator of cell stiffness that is inversely
proportional to the elastic modulus; thus, a greater value of wCDI corresponds to a softer
mechanical phenotype [132]. The cell diameter (d) can be found using Equation 3.2. Finally,
cell recovery was measured after the contraction channel, and was defined as the time it took
for the current subpulses to return to the magnitude prior to the cell being squeezed. Kim et.
al used mechano-NPS to demonstrate the malignant breast and lung cells were mechanically
distinct from their non-malignant counterparts, and to differentiate between sublineages in
human mammary epithelial cells (HMECs) [132].

Visco-NPS was developed as an iteration of mechano-NPS, replacing the linear contraction
channel with a sinusoidal contraction channel [159]. In doing so, the cells were perturbed
dynamically, enabling the modeling and readout of active viscoelastic properties. Instead of
measuring a relative quantity such as wCDI, Visco-NPS could directly measure quantitative
attributes of the cell, including the elastic and viscous modulus. Again, Kim et. al. used
Visco-NPS to show mechanical differences between malignant and non-malignant cells, quan-
tify perturbations to the cytoskeleton, and investigate the mechanical distinctions between
cell cycle stages [159]. Chapter 4 discusses this approach in further detail and demonstrates
a new microfluidic platform that expands this technology.

3.3 Microfluidic Device Fabrication

Numerous methodologies have been developed for fabricating microfluidic devices, including
3D-printing [166], etching [167], and thermoforming [168]. Here, I discuss our approach
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Figure 3.4: Fabrication Steps for Molding A Microfluidic Channel Molding a mi-
crofluidic channel using soft-lithography is divided into three primary steps: (A) A negative
master mold is fabricated using photolithography. (B) Next, PDMS is casted onto the negative
master mold. (C) Finally, the cured PDMS with the embedded microfluidic channel is excised
from the master mold. Inlet and outlet access holes are created using a biopsy punch.

using soft-lithography and molded elastomeric polymers. First published in 1998 [169], soft-
lithography was developed using standard photo-lithography techniques employed in the
semiconductor and microelectronics industries. Photo-lithography is the process by which
photoresist, a UV-light sensitive polymer, is used to create high-resolution patterns on a solid
substrate, typically a silicon wafer. In soft-lithography, a master mold is created by using
photo-lithography to pattern negative relief structures from a UV-light sensitive epoxy. The
micro-scale negative relief structures are then used to mold a curable elastomeric polymer,
transferring the exact geometric channel designs into the cured polymer. Finally, the cured
polymer, with the microchannel, is bonded to another material, such as glass, to create a
fully enclosed microfluidic channel. The microfluidic devices used in this work consists of
channels embedded in polydimethlysiloxane (PDMS) and bonded to a glass substrate with
pre-patterned electrodes. The following subsections further detail the exact processes used
to create these devices.

3.3.1 Channel Fabrication

The microfluidic channel is created using soft-lithography from a master mold patterned by
photo-lithography. To pattern the master mold, SU8-3025, a negative epoxy resist (Kayaku
Advanced Materials), is spin coated onto a polished silicon wafer. The spin speed will
dictate the resist thickness, which in turn will determine the height of the final microfluidic
channel. The resist is baked on a hot plate at 95°C for 10-15 min, depending on the layer
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thickness. This process evaporates excess solvent in the resist, leaving behind only the
necessary photosensitive polymers. After baking, the resist is patterned by aligning the
resist-coated wafer under a printed mylar mask and exposing the wafer with ultraviolet
(UV) light (Figure 3.4A). Because SU8-3025 is a negative resist, the areas exposed to
UV light are photo-polymerized, creating permanent epoxy structures. A post-exposure
bake (PEB) is performed at 65°C for 1 min, then 95°C for 5 min, to further catalyze resist
polymerization. After the PEB, the wafer is submerged in SU8 developer for 5 min, washing
away any unexposed resist. The wafer is rinsed with isopropyl alcohol (IPA) and deionized
(DI) water. Finally, the wafer is hard baked at 150°C for 15 min to permanently set the
epoxy relief structures. The completed master mold is examined under a stereo microscope
and characterized using a contact profilometer.

For soft-lithography, PDMS (Sylgard 184, Dow Corning) is mixed at a 10:1 mass ratio of base
polymer to initiator. PDMS is clear, compliant, and bio-compatible, making it a suitable
material for microfabrication and biology-based applications. It is a two-component silicone
elastomer, consisting of a base polymer and a separate crosslinking initiator. Combined with
heat, the crosslinking initiator catalyzes a reaction that binds the base polymers, converting
the viscous liquid into a solid, optically transparent material. After mixing at a 10:1 ratio,
the PDMS is degassed in a vacuum chamber to eliminate trapped gas bubbles. The degassed
PDMS is then poured over the master mold (Figure 3.4B) and cured in an oven at 80°C
for 2 hours.

The cured PDMS is removed from the master mold, and replicate devices are diced apart. A
1 mm biopsy punch (Miltex) is used to create fluidic inlet and outlet holes (Figure 3.4C).
The diced and punched PDMS channels are then ready for bonding.

3.3.2 Electrode Patterning

Metal electrodes are patterned onto glass using traditional lithographic techniques and a
lift-off process. First, a 1 pm thick layer of S1813, a positive photoresist, is spin-coated onto
a glass slide and soft-baked at 100°C for 1 min. The resist is aligned under a mylar mask and
exposed to UV (Figure 3.4A). The slide is then submerged in MF-321 developer, where
UV-exposed features are developed. The slide is rinsed in DI water and dried with nitrogen
(N2) gas.

Patterned glass slides are place in an electron-beam evaporation chamber for thin-film metal
deposition. At chamber pressures of approximately 5 x 107% to 5 x 10~7 torr, a thin film
consisting of 75A of titanium (Ti), 250A of platinum (Pt) and 250A of gold (Au) is deposited
(Figure 3.4B). The first, titanium layer is used as an adhesion layer between the silica
glass and platinum. The second, platinum layer is used as a biocompatible layer, reducing
biofouling effects during fluidic contact with cells and proteins. The third, gold layer serves
as a low-resistance, soft contact pad for direct electrical connection.
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Figure 3.5: Electrode Fabrication Steps Patterned electrodes consisting of titanium (Ti),
platinum (Pt), and gold (Au) are fabricated on glass substrates. (A) Positive photoresist is
patterned using photolithography on a glass slide. (B) E-beam evaporation deposits a conformal
layer of Ti/Pt/Au onto the patterned glass. (C) A lift-off process removes excess metal, leaving
only the desired patterned electrodes.

Finally, the patterned glass substrate is submerged in a bath of acetone for 15 min. Excess
metal (on top of photoresist) is lifted off, while patterned metal (in contact with the glass)
remains (Figure 3.4C). Gold etchant (Gold Etchant TFA, Transene) is the carefully pipet-
ted onto electrode areas that would make direct contact with the fluidic channel, exposing
the underlying platinum. The patterned glass slide with electrodes is then ready for bonding
with the microfluidic channels embedded in PDMS.

3.3.3 Device Bonding

The prepared PDMS channel and electrode slide are bonded together using plasma-activated
oxygen bonding. The surface properties of PDMS and glass are ideally suited for oxy-
gen plasma, largely consisting of repeating silicon-oxygen-silicon (Si-O-Si) moieties (Figure
3.6A). Plasma treatment bombards each exposed surface with high energy oxygen ion under
near-vacuum conditions, “cleaning” the surface or any organic impurities and activating the
surface with silanol (Si-OH) groups (Figure 3.6B). Bringing the two plasma-activated sur-
faces (PDMS and glass) together forms a permanent silicon-oxygen-silicon (Si-O-Si) covalent
bond between the two surfaces (Figure 3.6C). To perform plasma-activated oxygen bond-
ing, the PDMS channel and electrodes slide are exposed to an oxygen plasma for 2 min (100
mTorr, 30 W, Harrick Plasma). Because plasma bonding is contact based, the two treated
surfaces brought together will immediately bond. This immediacy presents difficulties in
aligning the bottom electrode layer with the top PDMS microfluidic channel. Instead, 30
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Figure 3.6: Plasma Bonding of PDMS and Glass. The cured PDMS with the embedded
microfluidic channel is permanently bonded to a glass slide with pre-patterned electrodes. (A)
Each surface, consisting of Si-O-Si groups, is treated with oxygen plasma. (B) The oxygen
plasma activates each surface, rendering the surfaces hydrophilic with available Si-OH groups.
(C) The activated surfaces are brought into contact, creating a covalent bond of Si-O-Si between
the two surfaces. The microfluidic channel is fully sealed and ready to be used.

nL of a 2:1 mixture of methanol and DI water is pipetted on the glass electrodes slide after
plasma treatment to facilitate alignment. The fluid serves as a temporary buffer between
the PDMS channel and electrodes slide, giving time for the two components to be aligned
under a microscope. Once aligned, the device is baked on a hotplate at 50°C for 2 hours to
drive off excess solution and complete the contact-based plasma bonding.

3.4 Hardware Implementation

To measure the electrical resistance across the microfluidic channel, custom hardware and
circuitry is required. The hardware used in Mechano-NPS [132] and Visco-NPS [159] im-
plemented a standard 4-terminal measurement, which measured changes in current across
a pair of inner electrodes as a feedback-loop constrained the outer electrodes to a constant
1 V potential. This set-up used bench-top components, including a power-supply, current
pre-amplifier, and DAQ (data acquisition) terminal block. For this work, I implement a
new hardware configuration that utilizes compact integrated circuit elements. This set-up
uses new circuitry to enable simultaneous, multiplexed measurements of current and voltage
across multiple electrode pairs. The following subsection will describe this new configuration
in further detail.
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Figure 3.7: Schematic of Multi-Zone Data Acquisition Hardware Custom hardware
circuitry is used to enable electrical resistance measurements across the microfluidic devices
employed in this dissertation. The primary batter-powered PCB houses all the active compo-
nents, including instrumentation amplifiers and transimpedance amplifiers. It directly connects
to an off-the-shelf USB DAQ beneath. A separate breakout PCB, connected to the main PCB
via re-configurable jumper wires, interfaces with the electrodes on the microfluidic device [170].

3.4.1 Multi-Zone Electronic Hardware Configuration

The hardware set-up described here, and used for the measurements described in Chap-
ters 4 and 5, is termed the ”Multi-Zone” configuration. Multi-Zone refers to the ability
to simultaneous measure multiple, distinct ”zones” along a microfluidic geometry. Figure
3.7 details the primary components of the multi-zone hardware configuration. The design
consists of a custom battery-powered primary PCB that includes six instrumentation am-
plifiers for measuring differential voltage and one transimpedance amplifier for measuring
current. A separate breakout PCB interfaces with the contact electrodes on the microfluidic
device. The breakout PCB and primary PCB are connected by jumper wires, allowing the
circuitry to be reconfigured as needed. This flexible hardware layout ensures measurement
compatibility with devices that have a various number of zones or a different electrode lay-
out. The primary PCB is connected to a commercial high-speed USB DAQ), which sends
power and data though a single USB to the computer. The USB Daq used for this set-up
(MCC USB-2627) contains 16 single-ended analog inputs, enabling the simultaneous ”multi-
zone” measurement. Table 3.1 summarizes the specific components needed to replicate this
hardware set-up.

The six instrumentation amplifiers on the multi-zone hardware allows for up to six voltage
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Table 3.1: Multi-Zone Hardware Component Catalog.

32

Item Description Quantity
Electrical Enclosure | Type 4 Mild Steel Junction Box 1
Spring-Loaded | For Clamp: Position Spring Piston Connector, 1
Pogo Pin Connector | Through Hole, 10 pins, 2mm Pitch
Male Pin Rectangular | For Clamp & Main PCB: Connector Header, 3
Connector (Unshrouded) | Through Hole, 20 position, 2.54mm Pitch
Male Pin Rectangular | For Breakout: Male Connector Header, 1
Connector (Shrouded) | Through Hole, 10 position, 2.54mm Pitch
Female Socket | For Main PCB: Female Receptacle Connector, 3
Rectangular Connector | Through Hole, 40 Position , 2.54mm Pitch
For Main PCB: SBH-9V Battery Holder with
9-Volt Battery Holder Cover and Switch and 6 Inch Wires 2
9-Volt Battery | Standard 9-Volt Battery 2
Hefader Wire For Main PCB: 3-Position Wire to Board 1
Terminal Block
Female-to-Female | Jumper Wire Female to Female 6.00” 9
Jumper Wires | (152.40mm) 28 AWG
Transimpedance
Amplifier (TIA) TLOPALT2 L
Instrumentation
Amplifier (INA) TTINASIS 0
PCB Rotary Switch | For Selecting Variable Resistance 1
Resistors | For Matching Channel Resistance 3
Custom PCB P.rimary PCB, Mou'nt'ed Directly to USB DAQ
. via 3 Sets of 40 Position Female Receptical 1
(Main)
Connector
Breakout PCB, Intermediary Between Main
Cus];omeB PCB and Clamp,Connected to Main PCB via 1
(Breakout) Female-to-Female Jumper Wires
Clamp PCB, Interfaces with Device via Pogo
CuSt(()gllfrfS Pins, Cor}n.ected to Breakout PCB via 2 Sets 1
of 20 Position Connector Header
USB DAQ | MCC USB-2627, 1 MS/s sample rate, no enclosure 1
USB Cable | USB-A to USB-B cable

measurements, while a single transimpedance amplifier (TTA) measures the current. The
TTA is set-up in a negative feedback loop, using a resistance value matched to the electrical
resistance of the microfluidic channel itself. A typical channel, ranging in length from 10
to 25 mm, and filled with phosphate-buffered saline (PBS), has a total resistance of 10-
25 MS2. Figure 3.8 illustrates the circuit, with the electrical equivalent of a microfluidic
channel modeled as a series of resistors. The amplifiers used are high-precision, low-noise
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Figure 3.8: Multi-Zone Hardware Circuit Diagram The multi-zone hardware employs
a simple circuit consisting of multiple operational amplifiers. In this diagram, the electrical
equivalent of a microfluidic channel is divided in five distinct zones, with each zone modeled
as a variable resistor. Additional fixed resistances are incorporated at either end of the mod-
eled microfluidic channel, to account for reservoir resistances and interfacial resistances. Each
"zone” is directly connected to a instrumentation amplifier that measures differential voltage,
while the series current is measured by the a single transimpedance amplifier. Together, the
variable resistance in each zone can be calculated.

components: the instrumentation amplifier can detect changes as low as 8 nV, while the
transimpedance amplifier can measure down to 8 pA. This enables low-SNR, high sensitivity
measurements, which is necessary given that a single cell transit event can result in signal
deltas as low as a few hundred nanoamps. In summary, the multi-zone hardware outputs up
to 6 independent voltages, and one current. Assuming a linear system, Ohm’s law:

V =IR (3.4)

is used to calculate the resistance of each zone, where V' is the measured voltage, I is
the measured current, and R is the ohmic resistance. Overall, this hardware enables new
resistance-based measurements across microfluidic channels, providing new accessibility in
design, and reducing the size and cost of components compared to previous hardware set-ups.

3.4.2 Experimental Hardware and Operation

For the microfluidic platforms described in this dissertation, the experimental set-up and
operation largely relies on one bench-top component: the pressure controller. Pressure
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driven flow is used to drive fluid flow, forcing the flow of cells through pores and narrow
contraction channels. As opposed to volumetric driven flow (actuated via a syringe-pump),
pressure driven flow creates more controllable, instantaneous flow. This simplistic set-up
improves platform accessibility, removing the need for bulky bench-top hardware such as
power supplies or complex high-speed cameras.

A Fluigent pressure controller (MFCS-EZ) is used to apply a constant pressure at the in-
let of the microfluidic channel. Polytetrafluoroethylene (PTFE) tubing, a nonreactive, hy-
drophobic, biocompatible fluoropolymer is used as the interface between the device inlet and
pressure source. A syringe is used to draw reagent or sample into one end of the tubing. The
same end is then inserted into the microfluidic inlet hole, while the opposite end is connected
to the pressure controller.

The typical experimental operation of a microfluidic chip is as follows: The PDMS channel
is first passivated by introducing a solution consisting of 2% volume/volume of Tween-20
in PBS. Tween-20 is a polysorbate-type nonionic surfactant that coats the porous PDMS
surface, reducing downstream biofouling effects [171] when biological samples, such as a cell
suspension, is introduced. The solution is allowed to incubate in the channel for 15 to 30
min. After incubation, the solution is flushed out of the channel with PBS. A cell suspension,
typically at a concentration of 1 —2 x 10° cells/mL is then introduced into the device. Visual
inspection under a microscope confirms free sample flow without any fluidic occlusion from
debris particles. The device is then connected to the multi-zone electronic hardware, and a
data acquisition session is begun and typically run for 5 - 10 min.

3.5 Software Implementation

Key to implementing NPS systems is the ability to record, analyze, and quantify electrical
resistance signals. Here, I describe the generalized software implementation for recording and
analyzing NPS signals. Various signal processing algorithms are implemented to process the
signals and extract relevant parameters. Specific signal processing techniques unique to the
platforms described in Chapters 4 and 5 will be later detailed in those respective chapters.
First, the Multi-Zone hardware is controlled using a custom command-line based interface
with a live graphical readout. After data acquisition, recorded signals are processed in two
parts. First, the signal is refined to remove noise, artifacts, and baseline drift. Second, the
refined signal is analyzed for relevant quantitative features relevant to the specific application.
The following subsections review each part, from acquisition to analysis. The code described
in this section is available in an online repository at: https://github.com/sohnlab.

3.5.1 Data Acquisition

A custom software interface written in MATLAB using built-in application packages from
supported vendors, in this case Measurement Computing Corporation (MCC), is used to



CHAPTER 3. METHODS: NODE-PORE SENSING 35

interface with the Multi-Zone hardware set-up. Only a single USB is needed to interface
between the computer and hardware, with power, commands, and data being transferred
simultaneously. Because the output voltage is directly generated by the DAQ, the frequency
and voltage of the signal is set within the script. The acquisition script also contains ad-
ditional parameters to set, including sampling frequency and input recording duration, and
plotting window duration. In a typical setup, a constant voltage of 5 to 10 V is applied across
the device, with a sampling frequency of 10 kHz. The resulting DC current is measured using
the transimpedance amplifier (TT OPA172) set to a gain of 1077 V/A.

During an active data acquisition session, a live window readout of the measurement will
be displayed (Figure 3.9). This graphical window will show the measured resistances of
each zone, as well as plots for the combined resistances and noise present in the system.
This interface is critical for live user assessment of the signal quality and device condition.
Device disruptions during measurement, such as from a sudden fluidic occlusion, can be
actively monitored using this graphical window. This ensures that that the data recorded
remains of consistent quality, and allows for flexibility in restarting an experimental run
should anomalies arise.

3.5.2 Signal Processing

The raw data outputted by Multi-Zone Visco-NPS consists of a single dimension vector
interlaced with the voltage of each zone (V1, V2, V3, etc.) and the single current for each
sample taken (typical sample rate sufficient for NPS measurements is 10 kHz). The raw
voltage and current recorded (Figure 3.10A) is parsed out and divided according to Ohm’s
law (Equation 3.4) to get the resistance (Figure 3.10B) for each zone. After the resistance
signal for each zone is calculated, a baseline is fitted to the signal. Accurate baseline fitting
is critical, because it enables 1.) the accurate calculation of signal deltas (like AR), used
to estimate cells diameters (see Equation 3.2) and 2.) the accurate identification of cell
transit events. To perform baseline fitting, an asymmetric least squares (ASLS) fitting
algorithm is employed [172]. This algorithm takes into account the relative noise margin of
the signal, down-weighting data points outside the noise margin, and fitting a curve to the
remaining up-weighted data points. Given the right input settings, ASLS is robust enough
to fit accurate baselines for NPS signals with varying pulse magnitudes and widths. Once
an accurate baseline is fitted to the signal for each zone (Figure 3.10C), cell transit events
can be identified by tracking pulses that deviate significantly from the baseline (Figure
3.10D). By identifying cell transit events from the first zone, the full signal cascade can
be established by tracking immediate and sequential pulses in the following zones (Figure
3.10E).
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Figure 3.9: Data Acquisition Window Snapshot Displaying A Live Graphical Read-
out During Experimental Session. The data acquisition code used for NPS measurements
presents a live readout during an active data acquisition session. The first 2 columns readout
the resistances of up to 6 independent zones. In this static example, a cell has just entered
the first zone, resulting in a rectangular pulse in the first, top-left graph. In the third column,
the top graph displays the power spectral density of the current. This is useful for estimating
the amount of noise present in the system. The middle graph in the third column displays
the overall resistances of all the zones together. This is useful for ascertaining relative zone
resistances and the total channel resistance. Finally, the bottom graph in the third column
displays the power spectral density of the resistances, an alternative measure of noise present
in the system.

3.5.3 Signal Analysis

Once cell transit events are identified, with the full corresponding signal cascade from each
zone, the signal features themselves can be analyzed to extract quantitative metrics that
relate back to the cellular biophysical properties. This includes pulse magnitude (see Equa-
tion 3.2) to determine cell size, or pulse width to determine deformability (see Equation 3.3).
Local maximums and minimums in the subpulses can be identified be taking an approximate
derivative of the signal (§R/6T). To do so can allow the extracted subpulse to be repre-
sented as a rectangularized signal [173], facilitating the extraction of features such as pulse
magnitude and width. In the example presented in Figure 3.10E, the relevant features of
the pulse include the sinusoidal component of the pulse. In this case, the sinusoidal feature
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Figure 3.10: Signal Processing and Analysis Pipeline Using Custom MATLAB
Code. (A) Raw voltage (top) and current (bottom) signals are recorded as a cells transit
a Multi-Zone Visco-NPS microfluidic channel (see Chapter 4). (B) The resistance across the
channel (obtained via Ohm’s law from the raw current and raw voltage) is low-passed filtered
to remove high frequency noise. (C) The baseline resistance (red line) is fitted to the resistance
signal for each zone. (D) By tracking deviations from the baseline resistance, cell transit events
are identified and parsed out from the full signal. (E) Relevant components from each parsed
cell transit event are extracted, mainly pulse magnitude and width in the sizing pore, and
sinusoidal pulses from the contraction zones. The baseline resistance is shown in (red), the
parsed signal in (light grey), and the color highlights (dark grey, blue, orange, etc.) indicate
the relevant signal components. (F) The sinusoidal signal component (shown is Zone 1) is used
to model the stress on the cell. See Chapter 4 for further details [170].

is used to model cell stress, and is subsequently fitted to a standard stress-strain rheological
relationship to extract specific viscoelastic properties (Figure 3.10F). Chapter 4 presents
additional details on this approach and methodology. Overall, multiple varying approaches,
including manual user input, are employed to accurately analyze and quantify the features
in the processed signals.
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3.6 Conclusion

In this chapter, I introduced resistive pulse sensing (RPS) and node-pore sensing (NPS),
the primary technology used in the microfluidic platforms described in Chapters 4 and 5. 1
extensively review the background and theory behind RPS and NPS and introduce previous
approaches that have utilized NPS. Next, I thoroughly describe the methods used to fabricate
microfluidic devices using soft-lithography. This section also included the patterning of
the Ti/Pt/Au electrodes on glass and the final plasma-activated bonding of the devices.
Finally, I detail the practical hardware and software implementation for the microfluidic
platforms, from the data acquisition circuitry to the custom signal processing approaches in
MATLAB. In the next chapter, I detail the development and application of Mult-Zone Visco-
NPS (mz-visco-NPS), a comprehensive microfluidic platform for multi-frequency viscoelastic
phenotyping of single cells.
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Chapter 4

Multi-Zone Viscoelastic Node-Pore
Sensing (mz-visco-NPS)

This chapter is adapted from a pre-print manuscript:

A. Lai, S. Hinz, A. Dong, M. Lustig, M. A. LaBarge, and L. L. Sohn, “Multi-Zone Visco-
NPS: Microfluidic Platform for Multi-Frequency Viscoelastic Phenotyping of Single Cells”,
Under Review, 2024.

In this chapter, I introduce multi-zone visco-NPS (mz-visco-NPS), an optics-free, resistance-
based microfluidic platform for single-cell viscoelastic phenotyping. mz-visco-NPS imple-
ments a series of sinusoidal contraction zones that deform cells at multiple distinct strain
frequencies. Electrodes record resistance pulses as cells traverse the unique microfluidic ge-
ometry, enabling the measurement of whole-cell elastic storage (G’) and viscous loss (G”)
moduli at throughputs of 600 cell/hr. I detail the theory and modeling behind the measure-
ment, in addition to specific details about channel design and fabrication. In the results, I
show differential measurements of single-cell viscoelastic phenotypes between Latrunculin-A
treated and control cells, as well as between malignant (MCF-7), non-malignant (MCF-10A),
and invasive (MDA-MB-231) breast epithelial cells. I also identify viscoelastic differences
between average risk and high-risk breast cancer human mammary epithelial cells (HMECs).
Overall, single-cell viscoelastic phenotypes reflect cell state and behavior and can serve as
label-free biomarkers for fundamental and applied research. I demonstrate a versatile plat-
form that can rapidly measure single-cell viscoelasticity, enabling a new dimension when
investigating cellular traits and malignant progression.

4.1 Prior Work and Motivation

Viscoelastic measurements have previously been done using techniques such as atomic force
microscopy (AFM) [116, 174] and optical stretchers or tweezers [175-177], but, as discussed
in Section 2.3.2, there are important limitations to these technologies. AFM, the current
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“gold standard”, is only capable of measuring about 10 cells/hr while optical stretchers and
tweezers are capable of marginally greater throughputs of 50 cells/hr [115, 127, 178, 179].
In the case of AFM, cell viscoelastic properties are dependent on the substrate stiffness
to which a cell is adhered [159, 180]. High-throughput microfluidic techniques, described
in Section 2.3.3, utilize constriction channels [129, 132], hydrodynamic stretching [128], or
shear flow [135] to deform cells rapidly, up to 6 x 10* cells/hr. A key disadvantage with
these methods is their inability to characterize frequency-dependent elastic G’ and viscous
G” of cells. They instead provide elementary parameters such as transit velocity through
a constriction or morphology ratios, e.g. relative deformability. Further, these techniques
rely on expensive, complex optical hardware. To address these limitations, we previously
developed a microfluidic approach, visco-node-pore sensing (visco-NPS). Visco-NPS is a
moderate-throughput (up to 600 cells/hr), all electronic-based microfluidics platform that
utilizes NPS to measure the viscoelastic properties of single cells [159]. However, while this
approach measured single cells, the accompanying rheological readouts were effectively a bulk
measurement—the frequency dependent storage and loss moduli could only be determined
for populations of cells and not individual cells. Multi-zone visco-NPS (mz-visco-NPS) is
an new iteration of the original visco-NPS platform, enabling a true single-cell approach for
viscoelastic phenotyping.

4.1.1 Significance of Single-Cell Viscoelasticity

Cells are intrinsically dynamic viscoelastic materials, consisting of elastic biopolymers and
viscous fluids that comprise the cytoskeleton and the cytoplasm, respectively [181-183].
Fluctuations in a cell’s viscoelastic phenotype have been correlated with a range of biolog-
ical processes—from cell growth, motility, and behavior [141, 184, 185] to the epithelial-to-
mesenchymal (EMT) transition [159]. Previous studies have described how viscoelasticity can
reflect metastatic potential in breast epithelial cells [186], assess cell viability after cryopreser-
vation [187], or monitor nuclear reorganization during osteoblast differentiation10. Overall,
viscoelasticity is an inherent physical trait of cells that serves as a label-free biomarker of cell
state and function. Measuring the viscoelastic properties of cells could complement canonical
molecular biology approaches, such as genetic sequencing or protein assays, and potentially
broaden mechanical phenotyping as a tool for both fundamental and applied research [109,
113, 115, 125]. As discussed thoroughly in Section 2.3.4, single-cell biomechanics have al-
ready been used to explore malignant pleural effusions [148], detect oral cancer [188], and
differentiate drug-resistant leukemia cell lines from their drug-sensitive counterparts [151].

4.2 Approach and How It Works

Mz-visco-NPS (Figure 4.1A) consists of multiple sinusoidal contraction “zones”—each with
a unique periodicity—aligned in series. Using the multi-zone hardware (see Section 3.4), Mz-
visco-NPS incorporates a four-point probe measurement with additional sensing electrodes
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Figure 4.1: Multi-Zone Visco-NPS Overview. (A) Photograph of the microfluidic plat-
form, which consists of 2 independent microfluidic channels (blue boxes) embedded in PDMS
and aligned to a glass substrate with prefabricated Pt electrodes and Au contact pads. Scale
bar = 10 mm. (B) Schematic of a single mz-visco-NPS device (blue), consisting of an inlet
filter, a sizing pore, and 4 contraction zones. The electrodes (gold) are aligned to the microflu-
idic channel. The outer electrodes, V;, and V., apply a DC voltage across the channel. Pairs
of inner electrodes, labeled as Vjore, Vi, V2, etc., measure the differential voltage across the
sizing pore and each zone. The inset illustrates the sinusoidal geometry of the contraction
zones: the width of each zone is described by Weontraction = wo + acos(wt), where wy, a, and
w are the initial width, the strain amplitude, and deformation frequency, respectively. Each
zone has a constant total length (L.one) and a different period length (L,). (C) From top to
bottom, time snapshots of a single MCF-7 cell (indicated by a red arrow) exiting one sinusoidal
contraction zone (L;one = 2 mm, L, = 300 um, Weontraction = 11.25 4+ 2.75cos(wt)um), tran-
siting though an inter-zone node of width w, = 21 pm, and finally entering a new sinusoidal
contraction zone of different frequency (L, = 200 pm). The vertical black bar shown is an
electrode. Scale bar = 200 um. (D) Representative resistive pulses caused by an MCF-7 cell
transiting an mz-visco-NPS microfluidic channel (L.one = 4 mm, L, = 500, 250, 167, 125 um,
Weontraction = 11.2542.75cos(wt) pwm). The signals are aligned in time; resistive pulses cascade
(starting from the sizing pore to zone 1, zone 2, etc.) as the cell transits the microfluidic zones.
The periodicity of the signal reflects the periodicity of the applied strain: as the cell transits
from zone 1 to zone 4, L, is reduced from 500 pm to 125 um. Correspondingly, the applied
strain frequency increases from approximately 30 to 126 hz. An applied pressure of 13.8 kPa
was used.
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that border each contraction zone (Figure 4.1B). As pressure drives cells through the mi-
crofluidic channel (Figure 4.1C), the corresponding resistance pulse in each zone (Figure
4.1D) reflects each cell’s viscoelastic response to the specific applied strain within that zone.
With mz-visco-NPS, we achieve a moderate-throughput rate of up to 600 cells/hr while mea-
suring the dynamic rheology of each single cell, namely the frequency-dependent complex
shear modulus: G* = G’ + iG”, where G’ is the storage (elastic) modulus and G” is the loss
(viscous) modulus. G’ describes the in-phase response to applied oscillatory stress, whereas
G” describes the out-of-phase response. Section 4.3.1 further defines the complex shear
modulus. We show that mz-visco-NPS can detect breast epithelial cells shifting toward a
more compliant, less elastic phenotype when subject to actin cytoskeletal perturbation. Ad-
ditionally, we identify viscoelastic differences among single cells from three different breast
epithelial cell lines, MCF-10A, MCF-7, and MDA-MB-231. We also characterize different
zone configurations, exploring how the applied frequency order and strain duration affect
our viscoelastic measurements. Finally, we show that mz-visco-NPS measurements uncover
broad single-cell heterogeneity and population differences among average- and high-risk pri-
mary human mammary epithelial cells (HMECs).

4.3 Theory and Modeling

To measure viscoelastic properties, mz-visco-NPS models that stress and strain applied on
each transiting cell. The following subsections describe the specific approaches used, and
methodically detail the model and background theory.

4.3.1 Dynamic Viscoelasticity

Viscoelasticity is a material property that describes encompasses both the elastic and viscous
characteristics of a material under stress or strain [189-191].

Elasticity is the tendency of a solid to return to its original shape or form after an applied
force is released. For example, rubber bands are a common material that is highly elas-
tic. Elastic materials exhibit a time-independent behavior, and is a material property that
describes solids. For an elastic material, the relationship between stress o and strain ¢ is:

o= E¢e (4.1)

where F is a scalar material factor called the elastic modulus, or Young’s modulus. From
Equation 4.1, we see that a fully elastic material will have a linear response between stress
and strain.

On the other hand, viscosity describes a fluid’s resistance to flow. For example, syrup has a
higher viscosity (greater "resistance to flow”) than water. Unlike elasticity, viscosity exhibits
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Figure 4.2: Example of Viscoelastic Response to Dynamic Oscillatory Input. In
dynamic viscoelastic measurements, an oscillatory stress or strain is applied. In this example,
(A) an oscillatory strain in the form of a cosine function is the input to either an elastic spring
or viscous dashpot. (B) The resulting output stress for a purely elastic component. Note
that the input and output are in-phase. (C) The resulting output stress for a purely viscous
component. Note that the input and output are out-of-phase by 90°.

a time-dependent behavior, and is a material property that describes fluids. For a Newtonian
fluid, the relationship between stress o and strain ¢ is:

Oe
o =1 (4.2)

de

o 1s the strain rate.

where 7 is the material viscosity, and

Viscoelastic materials exhibit both elastic and viscous behavior. Together, from Equation
4.1 and 4.2, stress on a viscoelasticity material is a function of both strain magnitude and
strain rate. Many materials, including plastics, metals, and most biological matter, such
as cells, exhibit viscoelastic behaviors. Viscoelastic materials are commonly described with
linear models, consisting of elastic springs or viscous dashpots, connected in series or in
parallel.

In static rheological testing, viscoelastic material properties are probed by applying a con-
stant stress (known as creep) or a constant strain (known as stress relaxation). The resulting
stress-strain relationship is used to characterize the material’s viscoelastic proprieties. In
dynamic rheological testing, the input stress or strain is oscillatory, with a specific wave
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frequency. Figure 4.2A gives an example of an oscillatory input, in the form of a cosine
wave. When this input is given to a purely elastic material, as modeled by a spring, or a
purely viscous material, as modeled by a dashpot, we get two distinctive behaviors. From
Equation 4.1, a purely elastic material has a linear stress-strain relationship. Thus, a cosine
strain input results in an in-phase cosine stress output (Figure 4.2B). In contrast, from
Equation 4.2, a purely viscous material has a non-linear stress-strain relationship. Here, a
cosine strain input results in an 90° out-of-phase cosine stress output (Figure 4.2C). In this
example, a viscoelastic material would have a phase-delayed response that is between purely
elastic (0°), and purely viscous (90°). Critical to dynamic viscoelastic measurements is the
frequency dependency: the frequency of the input impacts the resulting measurements. In
doing so, we get add additional time component information with the resulting data. Time
information can be crucial: given a long enough observation time (low frequency), a solid
material might appear to flow, and vice versa. As a crude analogy, consider taking a time-
lapse video of a mountain: at human time scales (tens of years), it would appear motionless
and solid; however, at geological time-scales (billions of years) the mountain would appear
fluid, moving and evolving with the surrounding landscape. Hence, the duration or time an
observation is made, or the frequency at which the measurement is taken, is important to
the resulting data.

To characterize dynamic, frequency-dependent viscoelastic measurements, we use a quantity
known as the complex shear modulus (also known as dynamic modulus).

To define the complex shear modulus, Euler’s equation is used for complex analysis:

p* = cos(wt) + isin(wt) = e (4.3)

Where p* simply represents any complex quantity. From Euler’s, we define an arbitrary
complex stress input, in the form of:

o* = ogcos(wt) + iogsin(wt) = gpe” (4.4)

From the analysis in Figure 4.2, we know that an oscillatory input, as defined in Equation
4.4, to a viscoelastic system results in a phased-delayed output. Thus, the output to the
complex input stress (Equation 4.4) will be:

£* = gcos(wt — @) + iggsin(wt — ¢) = g’ @) (4.5)

where each component is phase delayed by ¢. Finally, similar to the elastic modulus in
Equation 4.1, the complex shear modulus (G*) is defined as the complex stress divided by
the complex strain:
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G =— (4.6)
Plugging in Equation 4.4 and 4.5 into equation 4.6, we get:

iwt
«_ 90 00e_ 90 .
G = foci@=9) 2 € % (cos(¢) + isin(¢)) (4.7)

The complex modulus is typically described in the form:

G =G +G (4.8)

where G’ is the in-phase storage modulus:

G = @(cos(@ (4.9)

G” = —(sin(¢) (4.10)

All together, the storage and loss moduli reflect the material’s elastic and viscous behavior,
respectively. A larger G’ indicates a stiffer phenotype, while a greater G” indicates a more
viscous phenotype.

4.3.2 Stress Model

The working principle behind single-cell viscoelastic measurements using an electronics-based
node-pore-sensor was previously described by J. Kim, et. al. [159]. Fundamentally, the elec-
tric resistance across a microfluidic channel is proportional to a transiting cell’s diameter—a
larger cell will partially block more current than a smaller cell. Measuring the channel
resistance can thus quantitatively assess a cell’s dynamic deformation in response to the
oscillatory stress applied by the contraction channel walls.

If we consider all external forces surrounding the cell and assume constant velocity, the stress
on the cell within each contraction zone in mz-visco-NPS, o, can be modeled as:
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2APav contraction
o= gWeontract (4.11)
prgmDg

where AP, is the average pressure difference across a strained cell of a given diameter d ,
Weontraction 18 the oscillating width of the contraction channel, i is the coefficient of friction
between the strained cell and channel wall, and Dy is the diameter of the deformed cell in
contact with the channel wall. APF,,, is a scalar value that is computationally modeled by

COMSOL® [17] (Figure 4.3).

We can determine Dy by using the measured resistance signal and Equation 3.2, which
rearranging, gives:

ARD%L

‘AR0SL | p
b TR

Dy = (4.12)

where D is the diameter of the free cell, AR is the change in resistance, R is the base
resistance, D.g is the effective diameter of the channel, and L is the length of the channel. Dg
is determined empirically for each device design by calibrating the cell diameters measured
with the device to those obtained by a commercial cell counter (Millipore Scepter 2.0).
From Equation 4.12, we can measure the dynamic deformation of the cell as it transits the
contraction channel. D is related to Dy by conservation of volume:

2D3
Dg= ) ——<l (4.13)

3'wcontraction

The stress on the cell can then be determined using Equation 4.11. Using least squares
fitting, we fit the modeled stress to the following standard rheological relationship [159]:

o =0, + G'egcos(wt) + G"¢q sin(wt) (4.14)

where is o, prestress, and ¢ is prestrain. From Equation 4.14, we can numerically calculate
the frequency dependent storage G’ and loss G” moduli.

4.4 Design and Experimental Methods

In this section, I describe the unique sinusoidal geometry employed in mz-visco-NPS. Like-
wise, I describe the relevant characterizations made on the channel design, and the specific
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Figure 4.3: COMSOL Modeling of Cell in a Contraction Zone. The average pressure
across a deformed cell is modeled via COMSOL to estimate the stress on the cell. (A) Pressure
gradient across the channel with a cell present. The cell is modeled as a cylindrical open gap in
the channel geometry. (B) Velocity gradient across the channel with a cell present. (C) Surface
plot interpolation of the average pressure across a deformed cell (AP,,4), which is a function
of inlet pressure and cell diameter.

experimental methods. The mz-visco-NPS device consists of a microfluidic channel embed-
ded into a polydimethylsiloxane (PDMS) mold that is bonded to a glass substrate with
pre-fabricated platinum electrodes (Pt) and gold (Au) contact pads. Specific methods and
techniques related to mz-visco-NPS device fabrication are described in Section 3.3

4.4.1 Channel Design Overview

The mz-visco-NPS platform consists of 3 primary features: an inlet filter, a sizing pore,
and multiple sinusoidal contraction zones in series, each separated by an “inter-zone” node.
Multiple platinum (Pt) measurement electrodes are aligned to the channel inlet, outlet,
and inter-zone nodes (Figure 4.1B). This electrode configuration helps maintain adequate
signal-to-noise ratio (SNR) across each contraction zone. The voltage across each zone is
recorded using custom hardware that enables multi-zone data acquisition in an inexpensive,
compact form factor that does not rely on optical hardware (Figure 3.7). The two outer-
most electrodes (V;, and V,,;) drive current through the microfluidic channel, while pairs
of inner electrodes measure the potential across the sizing pore (V) and each contraction
zone (Vi, V,, etc.). The inlet filter removes cellular clusters or debris that might otherwise
obstruct the sinusoidal contraction zones and is comprised of an array of pillars spaced W),
apart. W, is designed to be two standard deviations greater than the mean cell diameter
(Table 4.1) to ensure that transiting cells do not experience an applied strain. The sizing pore
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measures the free-cell diameter of a cell, D.., via the Coulter principle (see section 3.1.1).
As it transits the pore, a cell partially blocks the flow of current, leading to a temporary
increase in the pore’s resistance (Figure 4.1D). The magnitude of the change in resistance
is proportional to the volume ratio of the cell to the pore, i.e. AR Voleey/V0lpore. The
contraction zones measure the cell’s viscoelastic response to the specific applied strain and
frequency in each zone. The zones are positioned in series, each with a periodically changing
width, Weontraction = Wo + acos(wt), where Wy, a, and w are the initial width, the strain am-
plitude, and deformation frequency, respectively. w is modulated by controlling each zone’s
period length, L,. For the experiments described here, we employed a Weoniraction cOITE-
sponding to an approximate strain of ¢ = 0.4 + 0.15cos(wt). Specific channel geometries
used for each cell type are detailed in Table 4.1 and Table 4.2. The measured resistance
pulses are processed (Figure 3.10) and fitted to a rheological stress-strain relationship (see
subsection 4.3.2) to calculate the frequency dependent elastic G’ and viscous G” moduli.

Table 4.1: mz-visco-NPS channel dimensions and strain applied to each cell type.
W), corresponds to the width of the inter-zone nodes and Weontraction is the contraction channel
width. Dgey is the free cell diameter (mean + standard deviation), and e is the applied strain
to the cells.

Cell Type AVg- Dcell Wp Wcontraction Height €
[pm] [pm] [pm] [pm]
MCEF7 | 18.91 4+ 0.67 21 11.25 + 2.75 cos(wt) | 32.97 £ 1.91
MDA-MB-231 | 15.27 £ 0.63
MCF10A | 15.39 4+ 0.76 17 9.25 + 2.25cos(wt) | 28.43 £+ 1.15
HMEC | 16.11 4+ 1.06

0.4 + 0.15 cos(wt)

Table 4.2: Microfluidic channel lengths and calculated effective diameters for 3-,
4-, and 5-zone devices. D,y is the calculated effective diameter of the pore. Ly is the
length of the sizing pore, Loy is the length of the contraction zone, and L1, Lyg,..., Ly, where

n is the zone number, are the period lengths of zones 1, 2, ..., n, respectively.
No. Lpore Lzone Lpl Lp2 Lp3 Lp4 Lp5 Deff [/J/m] Deﬁ' [ﬂ’m]
Zones | [mm] [mm] | [pm] [pm] [pm] [pm] [pm] | Wy, =21 pm W, =17 pm
3 1 6 500 200 125 - - 18.95 16.70
4 1 4 500 250 167 125 - 18.85 16.70
4 1 6 500 250 167 125 - 19.25 16.65
5 1 2 500 286 200 154 125 20.35 16.4

4.4.2 Cell Culture and Sample Preparation

MCF-10A (ATCC CRIL-10317) cells were cultured in DMEM /F12 (Gibco 11320033), supple-
mented with 5% horse serum, 1% Pen-Strep, 20 ng/mL human Epidermal Growth Factor, 0.5
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pm/mL hydrocortisone, 100 ng/mL Cholera Toxin, and 10 pg/mL insulin. MCF-7 (ATCC
HTB-22) cells were cultured in RPMI-1640 (Gibco A1049101) supplemented with 10% fetal
bovine serum (FBS) and 1% Pen-Strep. MDA-MB-231 (ATTC HTB-26) cells were cultured
in 50:50 DMEM:RPMI-1640 supplemented with 10% FBS and 1% Pen-Strep. All cell cul-
tures were maintained at 37°C in 5% CO2 and routinely passaged, per published protocols
[192], once they reached 80-90% confluence. Cells were dissociated with 0.25% trypsin/EDTA
for either 3-5 min (MCF-7 or MDA-MB-231 cells) [193, 194] or 10-15 min (MCF-10A cells)
[195] at 37°C, washed with respective growth media, centrifuged at 200 RCF for 5 min, and
re-suspended at a concentration of 1-2 x 10° cells/mL in PBS. Single-cell suspensions were
subsequently filtered with a 20 pm filter to remove cellular clumps and then placed on ice
prior to being injected into prepared devices for measurement.

Primary HMECs were cultured using previously published protocols [196, 197]. HMECs
were grown in M87A medium. Table 4.3 identifies the strain, age, and breast cancer risk
status. Comprehensive details regarding the development and culture of the HMECs used
in this study can be found at the Human Mammary Epithelial Cell (HMEC) Bank Website
[198].

Table 4.3: Human Mammary Epithelial Cells (HMEC) Used In This Study. Primary
HMECs were grown at 37°C in M87A medium containing cholera toxin (CT) and oxytocin (X).

Spec ID | Media Freeze-down # | Age | Risk Status
C051C M87A+CT+X | CB318 33 Average Risk
C064PDL | M87TA4+CT+X | CC4T5 40 Average Risk
Co73C M87A+CT+X | CB317 33 Average Risk
C023SCL | M87TA+CT+X | CC340 35 High Risk (BRCA1I)
C078SCL | M87TA+CT+X | CA993 24 High Risk (BRCA1)
C147SCL | M8TA+CT+X | CC507 33 High Risk (BRCA1)

For experiments involving pharmacological treatment for cytoskeletal perturbations, Lat-A
was used to destabilize actin polymerization in MCF-7 cells [199, 200]. Lat-A (Abcam) was
reconstituted in ethyl alcohol and added to MCF-7 cell culture medium at a concentration of
1 pg/mL. Cells were then incubated at 37°C for 90 min. The concentration and incubation
time of LatA was chosen to have a sufficient effect on the cells and is based on previously pub-
lished work [151, 201]. Cells were dissociated with 0.25% trypsin/EDTA, rinsed with growth
medium, centrifuged at 0.2 RCF for 5 min, re-suspended in PBS at a concentration of 1-
2x10° cells/mL, filtered with a 20 pm filter, and placed on ice before injection into devices for
measurement. To confirm actin disruption, cells were fixed with 4% w /v paraformaldehyde
in PBS for 15 min and permeabilized with 0.2% v/v Triton-X (Sigma-Aldrich) in PBS for 5
min. Cell nuclei and actin filaments were counter-stained with 4’ ,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich) and rhodamine phalloidin (Thermo-Fisher Scientific), respectively,
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using the manufacturers’ protocols. Stained cells were imaged with a Nikon Eclipse THE2000
inverted fluorescent microscope.

4.4.3 Data Acquisition

To measure simultaneously the resistance of multiple zones, a multi-zone measurement was
employed, as described in Section 3.4. A constant voltage of 5 to 7 V was applied across
the outermost electrodes, and the resulting DC current, [,,, was measured using a tran-
simpedance amplifier (TT OPA172) set to a gain of 107 V/A. The voltage across each zone
was independently measured by an instrumentation amplifier (TT INA818) connected to
the electrode pairs across each contraction zone (Figure ?7). The measured voltages,
up to 6 differential voltages (Viore, Vi, Va2 etc.), and one transimpedance amplifier out-
put voltage (Vrra) were sampled with a USB-2627 multi-channel data acquisition board
(Measurement Computing Corporation) at 10* samples/s. The data was transferred by
USB to a PC running a custom MATLAB data acquisition interface, available on GitHub
(https://github.com/sohnlab/mz-visco-NPS). Because all zones were electrically in series,
the current through each zone was equivalent to the measured current, I,,. The resistance
of each zone (R,ore, R1, R, etc.) was therefore calculated by dividing the measured zone
voltage with the single measured current (Rpore = Viore/Im, R1 = Vi/Im, etc.).

4.4.4 Signal Processing and Analysis

As described in Section 3.5, custom MATLAB code was used to process and analyze the
measured resistance signals. The command-line interface code used for processing is available
on GitHub (https://github.com/sohnlab/mz-visco-NPS). To recap briefly, raw resistance
signals (Figure 3.10A) are processed through a low-pass filter and a moving median window
(Figure 3.10B). The signals are then normalized to the baseline resistance (Figure 3.10C),
and distinct cell transit events are identified by tracking signal deviations from the baseline
resistance (Figure 3.10D). Relevant signal features are then extracted from each identified
cell transit event (Figure 3.10E) and used to model single-cell stress (see subsection 4.3.2).
The modeled stress (from the measured resistance pulses) are processed and fitted to a
rheological stress-strain relationship (Figure 3.10F) to numerically calculate the elastic G’
and viscous G”.

To determine statistical significance, a non-parametric Wilcoxon signed-rank test or Kruskal-
Wallis rank test was performed in R. All tests used a significance level of a = 0.05. For ex-
periments with multiple comparisons, a Benjamini-Hochber procedure was applied to correct
for Type 1 false positive errors. To determine sample sizes, a power analysis, with means
estimated from previous studies [132], was performed to ensure that n > 99 cells provided
adequate power (m > 80) for all experimental groups.
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4.5 Results and Discussion

We evaluated different breast epithelial cells for their viscoelastic properties. Immediately
prior to introducing cells, mz-visco-NPS devices were exposed to an oxygen plasma (200
mTorr, 30 W, 2 min, Harrick Plasma) to render the PDMS channel hydrophilic. After
plasma treatment, a nonionic surfactant solution of 2% v/v Tween-20 in PBS was incubated
in the channel for 5 min to prevent potential biofouling [171]. Finally, pressure-driven flow
(20.7-27.5 kPa for MCF-10A and MDA-MB-231 cells; 13.8-20.7 kPa for MCF-7 cells; 20.7
kPa for HMEC; Fluigent MFCS-EZ) was used to drive cells through the channel.

4.5.1 Measuring the Disruption of the Actin Cytoskeleton

To demonstrate that mz-visco-NPS is capable of distinguishing different viscoelastic proper-
ties, we screened MCF-7 cells whose cytoskeleton was perturbed with the actin polymeriza-
tion inhibitor, Latrunculin-A (Lat-A) (Figure 4.4A) [199, 200]. We determined that the
average cell diameter of Lat-A-treated (n=99) and untreated control (n=99) cells popula-
tions were 17.8 £ 1.0 pm and 18.4 £ 0.9, respectively (Figure 4.4B i). Although Lat-A
treated cells traveled faster than untreated control cells through the platform (Figure 4.4B
ii), this did not lead to significantly different applied frequencies between the two (Figure
4.4 B iii): a range of 30-126 Hz was achieved across the device, with the lowest frequency
in zone 1 and successively higher frequencies in subsequent zones.

In contrast to the untreated control cells, we observed a decrease in elastic G’ in Lat-A
treated cells for all measured frequencies, indicating that they had become more compliant
(Figure 4.4C and Figure 4.5A). This is consistent with previous studies that also report
a softening of the cell after drug-induced actin filament disruption [159, 201]. The smaller
diameter, faster transit time, and lower elastic G’ modulus of the Lat-A treated population
are all representative of a more compliant cell due to a disrupted actin cytoskeleton. Beyond
population-level differences in elastic G’, we also observed significant cell-to-cell heterogene-
ity, with cells showing a range of elastic G’ from soft to stiff. Nearly 20% of the Lat-A
treated cells had an elastic G’ similar in magnitude to the mean elastic G’ of the control
cells. We hypothesize that these particular cells may have recovered more quickly from actin
depolymerization. Cells can recover from actin depolymerization in as little as one hour
[202], well within the timeframe of our mz-visco-NPS experiments (see Section 4.4).

When comparing the viscous G” between the Lat-A-treated and control cells (Figure 4.4D
and Figure 4.5B), we did not observe significant differences. Broad viscoelastic hetero-
geneity was observed between the two groups and among single cells. Up to 50% of our
single-cell observations had no discernible viscosity, defined as a viscous G” modulus j 0.1 Pa
in at least one zone. Nonetheless, mz-visco-NPS is still capable of measuring the contribution
of the actin cytoskeleton to the whole-cell elastic phenotype.
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Figure 4.4: mz-visco-NPS Detects Actin Filament Perturbations in MCF-7 Cells.
(A) Fluorescent images of Latrunculin-A (Lat-A)-treated (top) and untreated control) (bottom)
MCF-7 cells. 4’,6-diamidino-2-phenylindole (DAPI, blue) and rhodamine phalloidin (red) were
used to stain the nucleus and actin filaments, respectively. Because Lat-A disrupts actin
filaments, rhodamine phalloidin is not visible in the Lat-A treated cells. Scale bar = 50 pm.
(B) Treated (blue) and untreated (red) cells were measured in a 4-zone mz-visco-NPS device
(shown in Figure 1), with Lzone = 4 mm and Lp = 500, 250, 167, 125 pm. An applied pressure
of 13.8 kPa was used. The measured (i) cell diameter, (ii) cell transit time through each zone,
and (iii) applied deformation frequency. (C) Heatmap of the measured storage modulus (G’)
for each single cell in each zone, grouped by Lat-A-treatment and untreated control conditions.
Each column is a single cell. (D) Heatmap of the measured loss modulus (G”) for each single
cell in each zone, grouped by Lat-A-treatment and untreated control conditions. Each column
is a single cell.

Lat-A treated cells n = 99; Untreated control cells n = 99 cells. Error bars in (B, iii) correspond
to standard error. ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001. Notches in the boxplots (B, i and ii) represent the 95% confidence interval of the
median.
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Figure 4.5: Supplemental Data on Population Averages of Viscoelastic Proper-
ties for MCF-7 Cells Treated with Latrunculin-A (Lat-A). (A) The measured average
storage modulus and (B) average loss modulus of untreated control and Lat-A MCF-7 cells
measured in each zone with an average applied frequency as detailed in Figure 2 (B, iii). As
expected, Lat-A treated cells have a reduced average storage modulus as compared to that of
untreated control cells.

Lat-A treated cells n = 99; Control cells n = 99. Error bars in (B) correspond to standard
error. ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Notches
in the boxplots represent the 95% confidence interval of the median.
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When examining the viscoelasticity of Lat-A-treated and control cell populations with re-
spect to average strain frequency, we did not observe the widely reported power-law increase
in elastic G’ and viscous G” with respect to increasing frequencies [116, 181, 203]. One pos-
sible explanation is that a power-law relationship does not always accurately describe cell
behavior at low frequencies [106, 204, 205], such as those achieved in our experiments. Ad-
ditionally, such power-law relationships are typically only observed over a frequency range
that spans multiple orders of magnitude [206]. In our experiments, the frequency range
spanned less than one order of magnitude. Overall, we consistently observed that cells be-
came less elastic (i.e. showed decreasing elastic G’) with increasing frequency for both Lat-A
and untreated control cells in the limited frequency range we measured (Figure 4.5A). To
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determine whether this behavior is the result of our unique device implementation or design,
we assessed the effect of multiple microfluidic geometries on single-cell viscoelasticity.

4.5.2 Evaluating the Effect of Zone Arrangements on
mz-visco-NPS Measurements

Because cells are nonlinear materials [141], the frequency order in which they are perturbed
can affect their viscoelastic measurements. Thus, we fabricated multiple devices with dif-
ferent zone arrangements and measured MCF-7 cells to determine the effect of perturbation
order and measurement duration.

To confirm that perturbation order is not an influencing variable in our measurements,
we designed devices in which the applied frequency ranged from low-to-high, high-to-low,
or remained constant (all-low or all-high) across five zones (Figure 4.6 A and B). When
measuring MCF-7 cells, we observed no significant differences in elastic G’ based on frequency
order (Figure 4.6C i). Both the low-to-high and the high-to-low frequency devices showed
decreasing elastic G’ with respect to increasing frequency, just as in our previous experiments.
Thus, perturbation order is not a significant factor in mz-visco-NPS. Measuring cells in an
all-low frequency device produced a higher elastic G’ than those in the all-high frequency
device (Figure 4.6C ii), again consistent with our observation that elastic G’ decreases with
increasing frequency. Notably, there was minimal zone-to-zone variance in both the “all-
low” and “all-high” frequency devices, suggesting that cells were not experiencing “material
fatigue” despite undergoing repeated stress.

We next determined the effect of zone length (L.yp.), i.e. the duration cells are perturbed
at a specific strain frequency, on elastic G’ and viscous G”. We designed a 3-zone device
with increasing zone lengths of 2, 4, and 6 mm (Figure 4.6D). Zone lengths greater than
6 mm was not possible to test, given that the total “footprint” of the mz-visco-NPS channel
would have surpassed the physical length of the glass substrate. The transit time of cells in
each zone was linearly proportional to the zone length (Figure 4.6E i) and the frequency
of strain experienced by cells in each zone was nearly identical (Figure 4.6E ii). Although
viscous G” continued to increase with respect to zone length (Figure 4.6E iv), elastic G’
plateaued with a zone length of 6 mm (Figure 4.6E iii). Thus, for the remaining results
discussed below, we employed a microfluidic geometry with a 6 mm zone length.

4.5.3 Comparing the Viscoelastic Properties of Multiple Breast
Epithelial Cell Types

Using a 4-zone device with a 6-mm zone length, we measured the viscoelasticity of three
breast epithelial cell lines: non-malignant MCF-10A, malignant MCF-7, and invasive MDA-
MB-231. We measured mean diameters of 16.3 £+ 1.5 pm for MCF-10A, 18.9 + 0.9 pm
for MCF-7, and 16.5 £+ 1.2 pm for MDA-MB-231 (Figure 4.7A 1i). All cell lines took
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Figure 4.6: Effect of Channel Geometry on Measured Storage Modulus. (A) Four
distinct channel geometries were used to test different frequency arrangements. A “Low-to-
High” frequency device (pink) introduced cells to a low frequency zone first; applied frequency
increases in the subsequent zones (from L, = 500 pm to 125 pm). Vice versa, a “High-to-Low”
frequency device (orange) introduced cells to a high frequency zone first; applied frequency
decreases in the subsequent zones (from L, = 125 pm to 500 pm). A third “All-Low” design
had a constant low frequency across all zones (purple) (L, = 500 pm), while a fourth “All-
High” design had a constant high frequency across all the zones (green) (L, = 500 pm). All
zones had a constant zone length of L,y = 2mm. (B) Measured applied strain frequency on
MCEF-7 cells for each of the four channel geometries used. (C) (i) Comparison of the elastic G’
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Figure 4.6 (continued) modulus between the High-to-Low and Low-to-High frequency ar-
rangement. Elastic G’ modulus decrease with respect to increasing frequency. n = 118 MCF-7
cells for both the High-to-Low and Low-to-High frequency device measurements. (ii) Compari-
son of the elastic G’ modulus between All-High and All-Low frequency arrangement. Elastic G’
modulus is greater at the All-High frequency, than at the All-Low frequency. n = 136 MCF-7
cells for both All-Low and All-High frequency device measurements. (D) Schematic (top) of
a 3-zone device used to evaluate the impact of zone length on rheological measurements, and
a representative example of the signal pulses (bottom) acquired as a cell transits this device
arrangement. The 3-zone device has a variable zone length (L.one) of 2, 4, and 6 mm, where
each zone has an equivalent period length of Lp = 200 pm. (E) Measured (i) transit time, (ii)
applied frequency, (iii) storage modulus (G’), and (iv) loss modulus (G”), versus zone length.
n = 361 MCF-7 cells were measured. Significant differences observed in the storage and loss
moduli between the 2, 4 and 6 mm zones suggest that zone length is crucial to viscoelastic
measurements taken with mz-visco-NPS.

Error bars in (B) and (C) correspond to standard error; some error bars are too small to be
visible. ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
Notches in the boxplots represent the 95% confidence interval of the median.

approximately 750 — 1250 ms to transit each zone, resulting in mean applied frequencies of
14, 30, 47, and 65 hz for zone 1, 2, 3, and 4, respectively, across the three cell lines (Figure
4.7A ii).

All three cell lines showed broad heterogeneity. Non-malignant MCF-10As had the high-
est elastic G, and malignant MCF-7s had the lowest (Figure 4.7B and Figure 4.8A).
At the highest frequency (zone 4), MDA-MB-231’s were more compliant than MCF-10A’s,
consistent with their invasive phenotype. These results mirror previously published studies
[116, 159]. With regard to viscous G”, we observed similar broad single-cell heterogeneity
with a wide range of phenotypes (Figure 4.7C and Figure 4.8B). Loss tangent (7) is
defined as n = G” /G’, where a greater 1 corresponds to a more viscous phenotype. The loss
tangent for non-malignant MCF-10A cells (n = 0.14) was lower than that for MCF-7 cells
(n = 0.29) in the highest frequency zone (Figure 4.8C), indicating that the MCF-7’s are
more viscous. Finally, no significant frequency-dependent trends were observed: the elastic
G’ and viscous G” moduli for all cell types remained relatively constant in all zones. Taken
together, mz-visco-NPS measures distinct single-cell elastic G’ for MCF-10A’s, MCF-7’s, and
MDA-MB-231’s at frequencies from 10 — 70 hz, and distinct loss tangent () at the highest
frequency zone (zone 4).

4.5.4 Uncovering Viscoelastic Differences Among Average and
High Rick Human Mammary Epithelial Cells (HMEC)

HMECs were screened for differences in viscoelastic phenotype. Six primary HMEC strains
were measured: three average-risk women, aged 33-40 years without any known breast
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Figure 4.7: Comparison of Viscoelastic Properties Among Three Breast Epithelial
Cell Lines. (A) The measured (i) cell diameter, and (ii) applied strain frequencies for MCF-
10A (green), MCF-7 (red), and MDA-MB-231 (blue) cells in a 4-zone device, with Lzone = 6
mm, and Lp = 500 to 125 pm. (B) Heatmap of the measured storage modulus (G’) for each
single cell in each zone, grouped by cell type. Each column is a single cell. The three cell
types have significantly different storage moduli, with differences most evident in zone 4. (C)
Heatmap of the measured loss modulus (G”) for each single cell in each zone, grouped by cell
type. Each column is a single cell.

MCF-10A cells n = 99, MCF-7 cells n = 99, MDA-MB-231 cells n = 99. Error bars in (A, ii)
correspond to standard error. ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and
K p < 0.0001.
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Figure 4.8: Supplemental Data on Population Averages of Viscoelastic Properties
for 3 Breast Epithelial Cell Types. (A) The measured average storage modulus (G’) and
(B) average loss modulus (G”) of MCF-10A, MCF-7, and MDA-MB-231 cells, measured in
each zone with an average applied frequency detailed in Figure 4 (A ii). MCF-10A cells have
a greater average storage modulus than MCF-7 cells, as expected. MDA-MB-231 cells have an
average storage modulus between those of MCF-10A and MCF-7 cells, as expected. (C) The
measured loss tangent, defined as n=G”/G’, for MCF-10A, MCF-7, and MDA-MB-231 cells,
measured in each zone. In the highest frequency zone (Zone 4, avg freq. = 65 hz), mz-visco-
NPS measures a significantly different loss tangent between non-malignant MCF-10A cells and
malignant MCF-7 epithelial cells.

MCF-10A cells n = 99, MCF-7 cells n = 99, MDA-MB-231 cells n = 99. Error bars in (B)
correspond to standard error. ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and
*FF% p < 0.0001. Notches in the boxplots represent the 95% confidence interval of the median.
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cancer-causing germline mutations, and three high-risk women, aged 24-35 years, with
BRCA1 germline mutations (Table 4.3). These were normal, finite lifespan HMEC, not
cancer cell lines or tumor cells. We, again, employed a 4-zone device with L.,,. = 6 mm.
Average-risk HMECs had larger single-cell diameters than those of high-risk HMECs, 16.3
+ 1.0 pm and 16.0 + 0.9 pm, respectively (Figure 4.9A i). All HMECs were perturbed at
similar frequencies, ranging between 15 to 71 hz (Figure 4.9A ii). We observed broad het-
erogeneity of the elastic G’ moduli at the single cell level for both risk groups (Figure 4.9B
and Figure 4.10B). High-risk cells had a 10% lower elastic G’ than that of the average-risk
cells, indicating a more compliant phenotype (Figure 4.10A). No similar single-cell and
population-level differences were observed with the viscous G” measurements (Figure 4.9B
and Figure 4.10). To quantify heterogeneity, we examined the unit variance in storage and
loss moduli, respectively, between the 4 measured frequency zones for each single cell (Fig-
ure 4.9B and C). We did not observe more within-cell viscoelastic heterogeneity between
the high risk and average risk cells.

4.5.5 Discussion

We report an all-electronics-based, microfluidic platform—multi-zone visco-NPS (mz-visco-
NPS)—that enables true single-cell viscoelastic measurements. mz-visco-NPS uniquely em-
ploys multiple sinusoidal contraction zones, each with a periodically changing width and
frequency, to measure the frequency-dependent elastic G” and viscous G” response of single
cells. Compared to the gold standard AFM [116, 174], and newer methods such as hydrody-
namic stretching [128], mz-visco-NPS has a moderate-throughput rate of up to 600 cells/hr,
obviates the need to consider substrate stiffness by measuring cells in suspension, and uses
simple data acquisition hardware that does not require high-speed imaging.

The implementation presented here identifies storage and loss modulus differences among
immortalized and primary cells. The storage modulus is a measurement of elasticity, while
the loss modulus is a measurement of viscosity. Together, they present a physical fingerprint
of the cell. A balance between cellular elasticity and viscosity is required for the healthy
functioning of a cell, especially in mechanical-heavy tasks such as migration42. This physical
fingerprint can inform on higher order functions, such as invasion or differentiation, and can
be useful in identifying cellular states, potentially such as cell-cycle phase or tumor malig-
nancy. With mz-visco-NPS, we characterized this physical fingerprint amongst immortalized
mammary epithelial cell lines and primary human mammary epithelial cells.

We validated our mz-visco-NPS platform by demonstrating that it could measure viscoelastic
changes of MCF-7 cells when their cytoskeleton was disrupted with Lat-A treatment. Unlike
current rheological measurements, mz-visco-NPS allowed us to measure the high level of
heterogeneity in viscoelasticity among single cells in a population. Intriguingly, we observed
that a significant fraction of single cells had an elastic G’ that mirrored the average G’ of
untreated cells, possibly indicating that these cells recovered more quickly from actin de-
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Figure 4.9: Viscoelastic Properties of Primary Human Mammary Epithelial Cells
(HMECs) with the BRCA1 Mutation Have Greater Single-Cell Heterogeneity than
HMECSs without the Mutation. (A) The measured (i) cell diameter, and (ii) applied strain
frequencies for Average-Risk (no BRCA1 mutation) HMECs (grey), and High-Risk (has BRCA1
mutation) HMECs (orange) in a 4-zone device, with Lzone = 6 mm, and Lp = 500 to 125 pm.
(B) Heatmap of the measured storage modulus (G’) for each single cell in each zone, grouped
by risk. (C) Heatmap of the measured loss modulus (G”) for each single cell in each zone,
grouped by risk. The line plots below each heatmap in (B) and (C) show the unit variance of
G’ and G”, respectively, across the 4 zones measured for each single-cell.

Average Risk HMECs n = 150, High Risk HMECs n = 150. Error bars in (A, ii) correspond
to standard error. ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001. Notches in the boxplots (A, i) represent the 95% confidence interval of the median.
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Figure 4.10: Supplemental Data on Population Averages of Viscoelastic Properties
for Primary Human Mammary Epithelial Cell (HMEC) Strains. (A) The measured
average storage modulus (G’) and (B) average loss modulus (G”) of average risk and high risk
cells, measured in each zone with an average applied frequency detailed in Figure 5 (A ii).
Average Risk HMECs n = 150, High Risk HMECs n = 150. Error bars in (B) correspond to
standard error. ms, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <
0.0001. Notches in the boxplots represent the 95% confidence interval of the median.

polymerization. Further studies are needed to thoroughly investigate this result. Ultimately,
mz-visco-NPS’s single-cell capability is advantageous in revealing heterogenous viscoelastic
properties typically masked by ensemble average measurements performed by other rheolog-
ical platforms.

Using mz-visco-NPS, we examined the viscoelastic properties of human mammary epithe-
lial cells that represented the entire continuum of epithelial transformation states: from
average-risk and BRCA1 mutant high-risk primary epithelial cells (not cancer), to immortal
non-malignant, malignant, and metastatic cell lines. We measured differences in elastic G’
among immortal non-malignant MCF-10A, malignant MCF-7, and metastatic MDA-MB-
231 cell lines and differences in the loss tangent (G”/G’) between MCF-10A’s and MCF-7’s,
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particularly at the highest frequency zone, which were consistent to previous viscoelastic
measurements of these cell lines at the population level [116]. Just as in our validation
experiments, we identified a high level of heterogeneity within each cell line at the single
cell level. When measuring the viscoelasticity measurements of average-risk and high-risk
HMECs, we again observed significant heterogeneity at the single cell level. Despite this,
we could determine that high-risk HMECs were more compliant than average-risk cells on
the whole. While the high-risk HMECs we measured bore BRCA1 mutations, we note that
Shalabi et al. [207] and Miyano et al. [208] showed that HMECs with monogenic risk factors
such as mutations in BRCA1, BRCA2, or PALB2 all share a common high-risk phenotype.
We thus hypothesize that so too HMECs with BRCA2 or PALB2 or even HMECs from
women who are high risk but have no identifiable germline mutation may also have similar
viscoelasticity as the BRCA1+ cells we measured here. Future experiments could focus on
this intriguing hypothesis. The greater physical compliance of BRCA1 HMECs (as compared
to average-risk HMECS) is congruent with the expected phenotype of a malignant cell. This
might suggest that BRCAT1 cells share underlying biomechanical properties consistent with
changes that are present in cancer cells. As one example, BRCA1 deficiency has been linked
to alterations in biomechanical functions such as cell division46. Future studies can further
explore how viscoelastic differences manifest in high-risk cells that possess other risk factors,
such as family history and age.

Limitations to mz-visco-NPS include the limited frequency range at which single cells could
be measured and the duration of the applied strain in the contraction zones. These con-
straints were determined by the physical length of the glass substrates that we employed.
Employing a serpentine channel that wraps around the entire area of the glass substrates
could overcome these limitations, enabling access to a greater range of frequencies and in-
creasing the duration of applied strain. This could potentially aid in identifying differential
phenotypes in the viscous G”, as higher frequencies better capture viscous behavior [209].
Furthermore, while we achieve moderate throughput of up to 600 cells/hr, sample rates can
easily be further improved. Because we employ an electronic method to measure the vis-
coelasticity of single cells, we could readily increase throughput by having multiple devices

operating in parallel with advanced signal processing to decouple simultaneous readouts [210,
211].

Overall, mz-visco-NPS is a new, electronic-based approach to single-cell viscoelastic phe-
notyping. Cytoskeletal reorganizations [212], disruptions in nuclear morphology [213], and
even macromolecular behavior in the cytosol [214] are all reflected by a cell’s viscoelasticity.
Because of its versatility, throughput, and ease by which it can be employed, mz-visco-NPS
could enable a broader adoption of viscoelasticity as a biomarker of a cell’s state and function
in health and disease.
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4.6 Conclusion

In this chapter, I introduced Multi-Zone Visco-NPS (mz-visco-NPS), a microfluidic plat-
form for multi-frequency viscoelastic phenotyping. As discussed in Chapter 1, this platform
contributes to the broader objective of developing and introducing unique tools for the
multimodal measurement of single-cell biophysical properties. Mz-visco-NPS measures the
storage and loss moduli of cells, in addition to cell diameter, for a moderate throughput
evaluation of single-cell multi-frequency rheology. Using the platform, we evaluated human
breast epithelial cells, characterizing viscoelastic differences among average versus high-risk
and non-malignant versus malignant cells. Beyond the results, I also thoroughly delved into
the background, theory, and methodologies behind the platform. Overall, mz-visco-NPS is
a valuable tool not only for single-cell viscoelastic measurements, but for the broader field
of microfluidic mechanophenotyping.
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Chapter 5

Combo Node-Pore Sensing
(Combo-NPS): Integrated Surface
Marker Screening and
Mechanophenotyping

This chapter is adapted from a pre-print manuscript:
A. Lai, K. L. Cotner, M. A. LaBarge, and L. L. Sohn, “Combo-NPS: Microfluidic Platform
for Multi-Modal Biophysical Phenotyping of Single Cells”, In Preparation, 2024.

I introduce Combo-NPS, an analytical platform for integrated single-cell phenotyping of
multiple biophysical attributes: cell diameter, whole-cell deformability, viscous recovery, and
surface marker expression. Combo-NPS incorporates two unique technologies within a single
microfluidic channel: DNA-directed patterning [215, 216] and NPS [1, 132, 151, 158, 159].
DNA-directed patterning enables a simple, one-step process for surface functionalization
with immobilized antibodies. Likewise, NPS enables an optics-free, all-electronic measure-
ment of the transiting cells. The platform analyzes transient antibody-antigen interactions
as the cells flow over the immobilized antibodies, while a downstream mechano-NPS [132]
segment measures the cell’s deformability and viscous recovery. Together, surface marker
and biomechanical readouts are measured, enabling a truly unique analysis on single-cells.
In this chapter, I describe in further detail the approach taken, including channel design,
protein labeling, surface patterning of antibodies, and experimental execution. I then review
our results from measuring immortalized breast epithelial cells and primary HMEC’s, show-
ing that combo-NPS can use the paired data to assess potential correlation between cellular
biomechanics and surface marker expression. Overall, Combo-NPS is a powerful microfluidic
platform that sets a new standard for multimodal single-cell biophysical phenotyping.
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5.1 Prior Work and Motivation

Advances in sequencing have enabled “multi-omic” techniques, which refer to the integrated
analysis of the genome, proteome, transcriptome, etc [101]. In a similar manner, Combo-NPS
enables an entirely new paradigm I term “multi-phenome”; in which multiple biophysical
traits can be measured simultaneously. Combo-NPS is an analytical platform that enables a
single-cell multi-phenome measurement by integrating the interrogation of multiple biophys-
ical attributes into a single microfluidic chip in a label-free, optics-free, moderate-throughput
approach [210]. While section 2.3 reviewed the importance of single-cell biomechanical phe-
notyping, here I describe the relevance and significance of surface marker screening. Addi-

tionally, I highlight previous approaches that integrated transient surface marker screening
using NPS.

5.1.1 Significance of Surface Markers

Cell surface markers are special proteins expressed on the surface of cells. The most common
cell surface markers are clusters of differentiation (CD) antigens. CD antigens serve as
molecular fingerprints, aiding in the identification and classification of cells. CD proteins
also serve as receptors or ligands for tasks such as cell signaling or cell adhesion [217-219].
An example of the significance of cell surface markers for cell classification is with T cells. T
cells are lymphocytes subdivided into 2 distinct types, each with vastly different functions:
helper T cells and killer T cells. These subtypes are identified using CD antigens, namely
CD4 for helper T cells and CD8 for killer T cells (Figure 5.1A). Overall, surface membrane
proteins are straightforward signatures for identifying not only T cells, but any complex cell
population or sub-population [220-222].

Surface markers also play a critical role in how cells sense and respond to their surroundings.
Cell adhesion molecules (CAMs) such as integrins and cadherins in particular are critical
structures that play a crucial role in transmitting mechanical forces between the cellular
cytoskeleton and the extracellular matrix (Figure 5.1B) [223]. Integrins in particular are
heterodimeric transmembrane receptors that help in the formation of focal adhesions. They
facilitate how epithelial cells sense and respond to the environment and external stimuli, and
mediate cell-cell and cell-ECM interactions. Furthermore, they facilitate the transduction of
forces across the cell membrane, and coordinate the development of the adhesome, an internal
network of structural and signaling proteins that broadly influence cell behavior [224, 225].
Theses adhesomes between cells and the extracellular matrix impact cellular mechanobiology
and ultimately cellular behavior [226], including processes from embryonic development to
inflammation [227, 228]. The relationship between surface adhesion proteins and cellular
mechanobiology has been well documented [229-233]. In contrast, there is an absence of
studies that focus on how protein surface expression can affect whole-cell biomechanics.
Combo-NPS is a tool that can directly address this application, creating a new avenue of
exploration that correlates the surface proteome with mechanobiology and biomechanics.
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Figure 5.1: Examples of the Significance of Surface Markers. Cell surface markers are
any set of proteins expressed at the cell membrane. These markers are useful in both research
and medicine. (A) Cell surface markers are commonly used for cell identification. For example,
CD3, CD4, and CD8 are common markers used to diffentiate T-cells. (B) Surface proteins
play a critical role in how cells sense and respond to force. Integrin signaling ties directly
into the cellular cytoskeleton, impacting migration, survival, differentiation, and motility. (C)
Surface markers play a role in both health and disease: carcinoma cells can up-regulate or
down-regulate expression of surface proteins to promote malignancy. Images adapted from
[223] and [236].

Finally, surface markers hold immense potential in drug discovery and medicine. From a
clinical perspective, immunophenotyping of cells can aid in both diagnostics and treatment.
In cancer, the progression towards malignancy often results in numerous hallmark changes,
including a shift in the surface proteome (Figure 5.1C). Multiple surface antigens, rang-
ing from CD34 to CD44, have been identified as cancer-associated stem cell markers [234],
creating new research and therapeutic targeting opportunities. Some additional examples:
in the clinic today, CD33 is used to assess acute myleoid leukemia (AML), CD117 is used
to diagnose cancers such as gastrointestinal tumors or mucosal melanoma, and estrogen and
progesterone receptors are used to determine breast cancer treatment [235]. This is just a
handful of the current surface markers used to diagnose, assess, and treat patients. Overall,
surface markers are an essential part of the cell, and serve as an increasingly important as-
pect in both biomedical research and clinical assays. Combo-NPS furthers the applications
of surface markers by being the first microfluidic device capable of measuring surface marker
and mechanophenotype simultaneously.
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Figure 5.2: Examples of Previous Approaches Using NPS to Screen Surface Mark-
ers. Previous work have utilized the NPS architecture to screen for cellular surface mark-
ers. Like Combo-NPS, these devices used surface-immobilized antibodies to measure transient
antibody-anitgen interaction during flow. (A) Balakrishnan et. al. used an NPS device to
screen acute promyelocytic leukemia cells (NB4 and AP-1060) for myeloid antigens, CD13,
CD14, CD15, and CD33. In this approach, temporary channels perpendicular to the main
fluidic channel are used to spatially pattern antibodies [158]. (B) Kosminsky et. al used an
NPS device to screen MCF-7 and Jurkat cells for EpCAM surface-marker expression. In this
approach, DNA-directed patterning was used to spatially pattern antibodies. Additionally, a
multi-height channel geometry was employed to better modulate flow rates [216]. This figure
is adapted from [158] and [216].

5.1.2 NPS with Surface Immobilized Antibodies

Using NPS for surface-marker screening enables a unique methodology of analyzing cells
in a label-free manner, without complex imaging set-ups used in a typical fluorescent im-
munophenotyping assay. Here, I highlight two previously published approaches.

Balakrishnan et. al. used a simple NPS device to measure human APL cells, NB4 and AP-
1060 [158]. They also used the approach to distinguish between a heterogeneous mixture
containing AP-1060 and NALM-1 cells. Different antibodies were patterned along a channel
segmented by nodes, including myeloid antigens CD13, CD14, CD15, CD33, and control
IgG (Figure 5.2A). To perform the patterning, temporary channels perpendicular to the
main channel were used to incubate an antibody solution containing including APTES and
sulfo-EGS, immobilizing the antibodies onto the glass surface. The temporary channels were
then removed and cells were flowed through the main channel, temporarily interacting with
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the surface antibodies. Transit time measurements were used to characterize surface marker
expression, with slower cells positively expressing the target antigen. The following Section
5.2 further elaborates on this approach.

In a more recent iteration, Kozminsky et. al. measured human MCF-7 and Jurkat cells
based on EpCAM surface-marker expression [216]. Additionally, MCF10A and Hs 578T
cells were screened based on epithelial-to-mesenchymal transition (EMT) surface markers:
E-cadherin, N-cadherin, and g-integrin. In this implementation, the antibodies were spa-
tially immobilized using DNA-directed patterning [215], an approach that uses oligo-labeled
antibodies directed toward a complimentary strand pre-patterned on the glass surface. This
vastly simplifies surface functionalization, negating the need for any auxiliary flow schemes
like temporary channels. Furthermore, in this design, the antibody region is enclosed by a
two-height flow expansion region, allowing the transiting cells too have an increased interac-
tion time with the surface antibodies, improving measurement quality. As in the approach
by Balakrishnan et. al. [158], the transit time of passing cells were used to characterize their
surface marker expression.

Combo-NPS builds upon this previous work by incorporating a mechano-NPS [132] (see
section 3.2.1 segment down-stream of the antibody screening region. Similar to Kozminsky
et. al. [216], DNA-directed patterning [215] is used to functionalize the surface, while a series
of multi-zone electrodes measured the cell transit behavior. The following section further
details this new approach and how it works.

5.2 Approach and How It Works

Combo-NPS consists of a single microfluidic channel, subdivided into 5 regions of interest,
and further segmented by 6 electrode measurement zones. Figure 5.3A is a schematic of
the channel design, with the gold perpendicular segments representing electrodes. Pressure-
driven flow moves a cell from the inlet (left) toward the outlet (right). The device itself
consists of a PDMS microfluidic channel bonded to a glass slide with Ti/Pt/Au electrodes
and pre-patterned DNA oligos (Figure 5.3B) (see Section 5.5 for fabrication methods).

As a cell transits the channel, it first passes through two expansion regions containing surface-
immobilized antibodies. The antibodies are spatially positioned within the microfluidic chan-
nel using DNA-directed patterning prior to the introduction of cells (see Section 5.5). Cells
expressing the antigen of interest transiently interact with the surface-immobilized antibod-
ies, moderating the cell’s transit velocity [158, 216]. The incorporation of two antibody
regions enables the readout of two antigens of interest, with one region serving as a negative
control. In this manner, antigen surface-marker expression is measured as a relative quantity
of a cell’s transit time in one region versus that in the second region. Cell transit time is
determined with three electrode measurement zones flanking each antibody region. A pulse
in Zone 1 signifies the entrance of a cell into antibody region 1; a pulse in Zone 2 signifies
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Figure 5.3: Combo-NPS Platform Overview. (A) Schematic of the Combo-NPS mi-
crofluidic channel geometry, with 5 distinct regions: 2 surface-immobilized antibody expansion
regions for surface marker screening, followed by three mechanophenotping regions—a sizing
pore, contraction channel, and recovery channel. Two outer electrodes apply a constant DC
voltage across the channel. Among the 5 distinct regions are 6 electrode pair measurement
zones that independently measure differential voltage. (B) Image of a Combo-NPS device.
The device consists of a PDMS channel bonded to a glass substrate with Ti/Pt/Au electrodes
and pre-patterned DNA oligos. (C) Representative resistance pulses during a cell transit event
across all 6 measurement zones. The signals are aligned in time; resistive pulses cascade (start-
ing from zone 1, to zone 2, zone 3 etc.) as the cell transits the microfluidic channel. The pulses
are used to evaluate cellular biophysical properties, including surface-marker expression and
whole-cell deformability.
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the exit of a cell from antibody region 1, and it’s entrance into antibody region 2; finally, a
pulse in Zone 3 signifies the exit of a cell from antibody region 2 (Figure 5.3C).

Downstream of the antibody regions are three additional regions for single-cell mechanophe-
notyping. The cell enters a sizing pore (Zone 4), where the channel diameter is larger than
the cell diameter (see Section 3.1.1 and Equation 3.2). In this zone, the resistance-pulse
magnitude is used to calculate cell diameter. Following this, the cell enters a contraction
channel (Zone 5), where 45-50% strain is applied on the cell. The transit time of the cell
in the contraction channel is used to measured its relative deformability, or wCDI (see Sec-
tion 3.2.1 and Equation 3.3). Finally, the cell enters a recovery segment, equal in width to
the sizing pore. Here, the cell’s recovery from deformation is reflected by the recovery in
resistance pulse magnitude.

The total length of the Combo-NPS microfluidic channel is 18 mm. Cells transit this length
in approximately 3 to 5 seconds (Figure 5.3C). For each cell, the measurement readout
includes: normalized transit time (transit time in antibody region 1 divided by transit time
in antibody region 2), cell diameter, wCDI and recovery time. Overall, Combo-NPS is a
moderate-throughput platform, capable of measuring multiple biophysical properties at up
to 1-10 cells/min.

5.3 Theory and Modeling

Critical to the the functionality of Combo-NPS is the interaction time between cellular sur-
face antigens and surface-immobilized antibodies. Antibody binding kinetics can be affected
by factors including temperature, concentration, and interaction time [237, 238|.

At higher temperatures, more energy is present in the system, accelerating interactions be-
tween ligands and targets. FEncarnacao et. al investigated the equilibrium time between
pertuzumab and it’s specific receptor, human epidermal growth factor receptor 2 (HER2), in
human SKOV3 ovarian cancer cell line [238]. They found that, between 37°C and 15 °C, dif-
ferences in association/dissociation equilibrium was approximately 2 hours [238]. However,
binding kinetics at room temperature versus that at physiological temperatures of 37°C re-
mained less than an order of magnitude different. Since keeping the microfluidic chip at 37°C
would be impractical , Combo-NPS experimental runs were executed at room temperature
(21°C) in order to balance antibody-antigen interaction kinetics with hardware complexity.

Surface-antibody concentration also affects antibody-antigen interactions. A significant ad-
vantage of using DNA-directed patterning is the tunability of surface oligo concentration.
Scheideler et. al. characterized the saturation point of drop-cased surface oligos [215]. For
Combo-NPS, a fully saturated surface oligo concentration of 20 uM was used [215]. This
maximizes the concentration of surface oligos, thereby maximizing the surface concentration
of immobilize antibodies.
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Figure 5.4: Computational Fluid Dynamics (CFD) Simulation of Combo-NPS Flu-
idic Geometry. (A) Fluidic velocities across a full-length Combo-NPS channel at 100 mBar
of pressure-driven flow. Not to scale, the vertical axis has been anisotropically elongated for
visualization purposes. The narrow contraction channel serves as a fluidic resistor, allowing
the flow in the antibody expansion regions to slow. (B) Laminar flow streamlines in antibody
expansion regions at 100 mBar of pressure-driven flow. The streamline colors indicate velocity.
Also indicated here is the spatial positioning of the surface-immobilized antibody function-
alization (dotted-red line). The surface-immobilized antibodies are inset from the expansion
region inlet and outlet, allowing the fluid streamlines to parallelize and reach equilibrium fluid
velocity. Simulations were performed by COMSOL Multiphysics® software [17].

The final tunable parameter critical for antibody-antigen binding kinetics is interaction time.
Because combo-NPS measures transient interactions between immobilized antibody cell sur-
face antigens, the time cells spend across a patterned antibody region can potentially influ-
ence measurement sensitivity. To ascertain the time cells will spend in the antibody regions,
computational fluid dynamic (CFD) simulations were used to calculate fluid velocities across
the combo-NPS region.

First, the antibody regions are expanded laterally to form wider regions of slow laminar
flow. Under constant, pressure-drive flow, fluid velocity is proportional to the channel’s
hydrodynamic resistance (see Equation 2.3). In general, regions with a larger cross-sectional
area will have a slower fluid velocity than regions with smaller cross-sectional areas. In
Combo-NPS, the expansion regions are 5 times wider than the surrounding zones, rising
to a final width of 200 pum from a width of 40 pum in zones 1,2 and 3. This approximately
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translates into a 5 times decrease in fluid velocity along the center streamline (Figure 5.4A).

Furthermore, the narrow, downstream contraction channel used for mechanophenotyping
measurements serve as a built-in fluidic resistor, further slowing up-stream flow rates. The
fluidic resistance of the contraction channel is almost 100 times larger than that of the
antibody expansion regions, 7 x 10" and 8 x 10' (Pa x s/m?), respectively (Figure 5.4A).
Together, the larger cross-sectional area of the antibody expansion region and the increased
fluidic resistance at the downstream contraction channel allow cells to maintain an interaction
time of 1.4 seconds in each antibody expansion region, given an inlet pressure of 100 mBar.

Another critical aspect of antibody interaction is streamline path lengths. Under laminar
flow conditions, the fluidic streamlines are distinct and predictable. Using the same CFD
model, the streamlines across the antibody expansion regions and the surrounding zones
were calculated (Figure 5.4B). From the entrance to the exit of the expansion region, fluid
streamlines at the outer edge (along the channel geometry boundary) are 5.6% longer than
the center streamline. Therefore, cells traveling along the edge will traverse a longer path.
This creates an antibody-antigen interaction bias for cells traveling along different stream-
lines. Therefore, the antibody functionalized region is inset 125 um, where the streamlines
parallelize. In this center section, streamline lengths and fluid velocities are equivalent (Fig-
ure 5.4B).

Overall, computation fluid dynamic simulations help optimize and validate the combo-NPS
fluidic geometries. The channel geometry takes advantage of laminar flow streamlines and
increased fluidic resistances in the contraction region for cell-antibody interaction times of
up to 1.4 seconds at 100 mBar of inlet pressure.

5.4 Antibody Labeling and Surface Functionalization

As previously discussed in Section 5.2, Combo-NPS uses DNA-directed patterning [215, 216]
to functionalize the glass surface of the microfluidic channel with immobilized antibodies.
Critically, by using DNA-directed patterning, multiple antibodies can be spatially patterned
along the channel surface in a single flow ste [216]. Unlike other approaches that use tem-
porary flow channels [158] or auxiliary flow schemes [239], Combo-NPS uses a singular main
channel for both surface functionalization and cell measurement, vastly reducing platform
complexity. In DNA-directed patterning, oligos are spatially pre-patterned on the glass
surface within each microfluidic antibody expansion region. Antibodies, labeled with com-
plimentary oligo strands, are subsequently flowed through the channels. The oligos bound to
the antibodies hybridize to patterned complementary oligo, completing the surface function-
alization with immobilized antibodies. The following subsections further detail the specific
methods behind this approach.
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5.4.1 Protein Labeling Approaches

Antibodies used for Combo-NPS need to be crosslinked with DNA oligos. Table 5.1 lists the
specific oligo sequences used, along with 5" and 3’ end modifications. The 5’ ends are modified
with an Azide (N3) group, to enable copper-free click-chemistry reactions between the oligo
and respective crosslinker [215]. The 3’ ends are modified with fluorescent moieties, to enable
post-patterning visualization and confirmation of successful antibody immobilization in the
microfluidic channel.

Table 5.1: DNA Oligo Sequences For Antibody Labeling.

Name Full Sequence (5°—3’) with End Modifications

A’ /5AzideN/CAG TCA GTC AGT CAG TCA GT/3Cy5Sp/
G’ /5AzideN/CTC TCT CTC TCT CTC TGG CT/3Cy3Sp/

Three crosslinker biochemistries were considered. The first approach, used by Kozminsky
et. al. in [216], utilized a DBCO — PEG5; — NHS crosslinker (Figure 5.5A). The NHS
(N-hydroxysuccinimide) reacts with free amine groups along the antibody, thereby adding
a functional DBCO (dibenzocyclooctyne) group to the antibody. The DBCO group is then
reacted with a 20-bp oligonucleotide in a strain-promoted alkyne-azide cycloaddition copper-
free click-chemistry step. This approach is a simple, 2-step reaction, using inexpensive
crosslinkers and standard, unmodified antibodies. However, the chemistry is not site-specific.
The crosslinker and DNA oligo are able to bind non-specifically at any free and accessible
amino site within the antibody. This results in 1) the potential blocking of the antigen
binding site (FAB region) by the oligo, 2) heterogeneous labeling of the antibodies, and
3) the possibility for improperly oriented antibodies when immobilized along the channel
surface.

An alternative conjugation chemistry was considered using avidin-biotin interaction [210].
The same DBCO — PEGs — NHS crosslinker as in the previously described approach is
used (Figure 5.5B). In this case, the NHS ester on the crosslinker targets free amine groups
along an intermediary neutravidin protein. The oligo-neutravidin conjugate is then allowed
to react with biotinylated antibodies, completing the oligo-antibody conjugation. In this
approach, site specificity is accomplished by using commercially available biotinylated Abs
that place the biotin group far from the antigen-binding domain. However, this approach
increases complexity, requiring three reaction steps instead of two, and requiring the use of
more expensive biotinylated antibodies.

The final conjugation chemistry considered uses a site-specific crosslinker, produced com-
mercially as oYo-Link by AlphaThera (Figure 5.5C). oYo-Link uses a proprietary light
activated adapter protein that can covalently and site-specifically label the Fc region of
nearly any antibody [240, 241]. Using this approach, oYo-link can serve as a site-specific
crosslinker, enabling a simple, two-step, oligo-antibody labeling process. Furthermore, unlike
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the avidin-biotin approach, this process maintains specificity without the need for specially
modified antibodies, and without the need for additional reaction steps.

The third approach using a proprietary oYo-Link crosslinker was selected for Combo-NPS,
enabling simple, site-specific conjugations. Table 5.2 details the specific antibodies, oYo-Link
crosslinker variant, and oligo strands used.

Table 5.2: Combo-NPS Specific Antibody-Crosslinker-Oligo Conjugations.

Antibody oYo-Link Crosslinker Variant Oligo Strand
Mouse IgG1 Isotype Control mlgG1 G’
Human EpCAM (CD326) mlgG1l A’
Human E-Cadherin Regular A’
Human Mucinl mlgG1 G’
Human CD133 Regular G’
Human CD271 mlgG1 A’

The experimental process is as follows: The dried oYo-Link is centrifuged and reconstituted
in 100 L of molecular grade biology water (mg Water). Following reconstitution, the DBCO
group loses reactivity over time due to oxidation; thus, it is stored at -20°C for immediate
use (j 1-2 days) and 80°C for longer timespans. Freeze-thaw cycles are limited to less than 5.
The reconstituted oYo-Link crosslinker is vortexed and mixed with azide-terminated oligo
at a 1:1.1 molar ratio. The DBCO-azide click-chemistry reaction is allowed to go towards
completion by incubating at 4°C for 48 to 72 hours. The reaction volume is wrapped in
foil to protect the fluorescent moieties from photobleaching. After, a 1:1 mass:volume ratio
of antibody:crosslinker is incubated together; i.e. 100 pg of antibody is mixed with 100 pL
of the oYo-Link DBCO + oligo conjugate. The mixture is immediately placed on ice and
positioned under a 365 nm ultraviolet (UV) light source and UV illuminated for 2 hours.
The UV light source is approximately 3-5 c¢cm from the sample, and the sample is held
within a transparent microcentrifuge tube. The fully conjugated oligo-antibody sample is
foil wrapped and stored 4°C. The next subsection details filtering approaches for purifying
the final oligo-antibody conjugate.

5.4.2 Protein Purification Approaches

Protein purification is critical for the efficiency of antibody immobilization in the Combo-
NPS microfluidic channel. FExcess, unconjugated oligo and excess oYo-Link + oligo can
out-compete fully conjugated oligo-antibody for complementary oligo binding spots on the
glass surface. Thus, the final fully conjugated oligo-antibody product needs to be purified
from the excess reactants. Three protein purification approaches were evaluated.

First, a centrifugal filter uses a regenerated cellulose membrane for filtering based on precise
molecular weight (MW) cut-offs (Figure 5.6A). Using centrifugal force, low MW com-
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Figure 5.5: Comparison of Protein Labeling Approaches Using Three Different
Crosslinkers. Three protein labeling approaches were considered for conjugating 20-bp oligos
to antibodies. (A) Generic DBCO — PEG5 — NHS Crosslinker: A copper free-click chemistry
reaction covalently binds a azide-terminated oligo to a DBCO on the moeity on the crosslinker.
Then, the NHS ester on the same crosslinker is allowed to covalently binds to free amino groups
anywhere on the antibody protein. (B) Avidin-Biotin Chemistry: A biotinylated antibody is
used, enabling a site-specific conjugation. Oligos are bound to a neutravidin protein using the
same DBCO — PEGs — NHS crosslinker described in (A). The oligo-neutravidin conjugate
is then bound to a commercially available biotinylated antibody. (C) oYo-Link Crosslinker: a
site-specific crosslinker, produced commercially as oYo-Link by AlphaThera, can also be used
for site-specific antibody labeling. In this approach, a proprietary light activated crosslinker is
used to bind an oligo to the Fc region of any antibody.
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Figure 5.6: Protein Filtering Approaches. Three protein filtering approaches were evalu-
ated for purifying the final oligo-antibody product from excess reactants. (A) Ultra-centrifugal
filter: a regenerated cellulose membrane filters based on molecular weight (MW) cut-offs. Low
MW compounds, such as excess oligos, are driven through the filer, leaving behind the concen-
trated high MW oligo-antibody product. (B) Size exclusion chromatography: a gel consisting
of packed spherical beads with pores of a specific size distribution filter proteins based on MW.
The high MW oligo-antibody product will pass though the gel, while excess oligos remain
trapped within the interstitial pores. (C) Dialysis: A semi-permeable membrane filters out
small molecules based on selective passive diffusion.

J

pounds, such as excess oligos, are driven through the filer, leaving the high MW oligo-
antibody product trapped within and above the filter membrane. The product is recovered
from the filter by inverting the filter above a collection tube and performing an additional cen-
trifugal step. Next, size exclusion chromatography uses a filter gel consisting of re-hydrated
packed spherical beads (Figure 5.6B). The beads are crosslinked hydrogel polymers with a
fixed matrix exclusion pores size. Consequently, proteins and molecules will pass through the
gel at varying rates depending on MW. High MW oligo-antibody product will pass though
the gel, while excess oligos remain trapped within the interstitial pores. Finally, dialysis
filtering uses a high-purity, semi-permeable cellulose ester (CE) membrane filter to allow
the selective diffusion of molecules based on a specific MW cut-offs (Figure 5.6C). This
approach is similar to a centrifugal filter; however, the driving force behind protein/molecule
separation is passive diffusion, rather than centrifugal force.

The protein purification methods detailed in Figure 5.6 are evaluated using SDS-PAGE
(sodium dodecyl sulfate—polyacrylamide gel electrophoresis). SDS-PAGE is an electrophoretic
separation technique that uses a polyacrylamide gel and a constant electric field to separate
proteins in a sample by molecular weight. The sample used to compare purification ap-
proaches is a Mouse IgG1 isotype control antibody (ThermoFisher, host: mouse IgG1, clone:
P3.6.2.8.1) conjugated to A’ oligo (see Table 5.1) using an oYo-Link crosslinker (see method
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detailed in Section 5.4.1).

For ultra-centrifugal filtering, Amicon (Millipore Sigma, 100 kDa MWCO, 0.5 mL) ultra-
centrifugal filters are used. The filter is hydrated with 250 mL of 0.2M sodium bicarbonate
(NaHCOs) buffer for 5 min. 200 puL of sample is added to the filter. The filter is placed
within a waste tube and together, centrifuged at 14000 RCF (relative centrifugal force), 4°C
for 10 min. To collect the purified oligo-antibody product, the filter is inverted within a
separate collection tube, and again centrifuged at 14000 RCF (relative centrifugal force),
4°C for 10 min.

For size exclusion chromatography, a Centri-Spin 40 Spin Column (Princeton Separations)
is used. The beads within the column are settled by gently tapping the column against a
flat surface. Next, the column is hydrated by adding 650 mL of 0.2M sodium bicarbonate
(NaHCOs3), vortexing, and incubating for 2 hours. Trapped bubbles within the column
after vortexing are released by agitating and tapping the column tube. After re-hydration,
the interstitial fluid is removed by centrifuging at 1000 RCF, 4°C for 10 min. The column is
placed within a collection tube, and 50 pL of sample is added to the column. Together, the
column and collection tube is centrifuged at 1000 RCF, 4°C for 10 min.

For dialysis filtering, a SpectraPor Micro Float-A-Lyzer Dialysis Filter (Repligen, 100 kDa,
100-200 pL) is used. To clean the membrane, 200 L of 15% reagent alcohol is added to
the dialysis device. The dialysis device is submerged in beaker containing 200 mL of 15%
reagent alcohol, with a stir bar, for 15 min. The dialysis membrane is then rinsed with mg
water 3 times, and submerged in beaker containing 200 mL of mg water, with a stir bar,
for 30 min. To add the sample, all fluid is removed from the membrane. The membrane
is rinsed with PBS, and then 200 pL of sample is loaded into the membrane. The dialysis
device is submerged in beaker containing 200 mL of PBS, with a stir bar, for 24 to 36 hours.
The PBS buffer is exchanged periodically, to maximize diffusive filtering. The sample is
recovered from the dialysis device, and stored at 4°C.

SDS-PAGE was used to evaluate each protein purification approach. Protein bands for oYo-
Link+A’ crosslinker-oligo conjugate only (without antibody) is shown in Figure 5.7A. The
final, unpurified antibody-oligo conjugate, human EpCAM-A’-Cy5, is shown in Figure5.7B.
Note the presence of low MW excess reactants, including unreacted oligo and unreacted oYo-
Link+A’ crosslinker-oligo conjugate. These low MW bands match with the bands shown in
Figure 5.7A. The Amicon ultra-centrifugal filter and Centri-Spin size exclusion column ap-
proaches both show significant amounts of low MW compounds, indicating poor purification
(Figure 5.7C and D). Fluorescent high MW bands at approximately 75 kDa indicate suc-
cessful oligo-antibody conjugation, because the fluorescent fluorophore is only present on the
oligo. The bands present at 10 kDa are indicative of excess unconjugated oligo, while bands
between 15-30 kDa are most likely excess oYo-Link + oligo compounds and oligo dimers. In
contrast, the dialysis approach shows minimal bands at low MW while retaining the high
MW bands at 75 kDa, indicating successful purification of the oligo-antibody target (Figure
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Figure 5.7: Evaluation of Protein Filtering Approaches Using Gel Electrophoresis
and Microvolume Spectroscopy. The efficacy of different protein purification methods
were tested with human EpCAM + A’ oligo-antibody conjugate using SDS-PAGE. Protein
bands are shown under reducing conditions in a SDS-PAGE gel, imaging for fluorescent Cy5.
Protein ladder bands shown range from 10-250 kDa.(A) Protein bands of only oYo-Link-DBCO
crosslinker conjugated to A’-Cyb oligo. (B) Unfiltered Human EpCAM + A’ oligo-antibody
conjugate. From high MW to low MW, the bands indicate the final conjugation product,
excess oYo-Link+A’, and excess A’ oligo. (C) Human EpCAM + A’ conjugate purified using
an Amicon ultra-centrifugal filter. (D) Human EpCAM + A’ conjugate purified using an
Centri-Spin 40 size exclusion chromatography column. (E) Human EpCAM + A’ conjugate
purified using a Repligen dialysis membrane. In (C), (D), and (E), all three show the presence
of the target Human EpCAM + A’ conjugate at approximately 75 kDa. In (C) and (D),
excess low MW compounds (below 40 kDa) indicate poor purification by ultra-centrifugal and
size-exclusion filtering. In (E), reduced low MW bands (below 40 kDa) indicate successful

purification by dialysis. (F) The UV-Visible absorbance curve of purified (via dialysis) and
unpurified oligo-antibody conjugates.
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5.7E). Microvolume spectroscopy using a Nanodrop instrument (Thermo Fisher Scientific)
further confirms successful purification via dialysis. The UV-Visible absorbance curve of
purified and unpurified labeled protein is shown in Figure 5.7F . The peaks at 280 nm
indicate the presence of oligo-antibody conjugates. Further peaks at the excitation/emission
wavelengths of Cy3 and Cyb in the unpurified samples indicate excess oligo. Meanwhile,
diminished peaks at the excitation/emission wavelengths of Cy3 and Cyb in the purified
samples indicate successful dialysis filtering.

5.5 Fabrication and Experimental Methods

The following subsections detail the specific design geometries used for Combo-NPS, ad-
ditional experimental methods, including DNA-directed patterning of antibodies, and data
analysis processes used for extracting relevant signal features.

5.5.1 Channel Design and Fabrication

For all devices, the antibody expansion regions used the same channel dimensions. However,
two channel dimensions were employed such that cell types with different mean diameters
would be strained equivalently in the contraction region. Table 5.3 details the specific ge-
ometries used for each cell type measured.

Table 5.3: Combo-NPS Microfluidic Channel Dimensions Used For Each Cell Type.

Cell Type ‘ Avg Doy (pm) ‘ W, (um) ‘ Weontraction (m) ‘ Height (um) ‘ Strain ()

MCF-7 | 18.26 [21.00 ] 1250 | 21.52 | 46%
MDA-MB-231 | 15.29 46%
MCF10A 15.37 19.00 10.50 20.91 46%
HMEC (240L) | 15.63 49%

To fabricate Combo-NPS devices, the standard soft-lithography approach was used, as de-
tailed in Section 3.3. However, important additional steps were used to spatially pre-pattern
DNA oligonucleotides onto the glass surface. Subsequent modifications to the methods de-
scribed in Section 3.3.3 were also undertaken to preserve the oligo patterning during plasma
bonding.

Photo-lithography is used to pattern the glass surface with 20-bp oligos, complementary to
the strands listed in Table 5.1. This process is described in-detail in [215]. Briefly, aldehyde
functionalized glass slides are patterned with Ti/Pt/Au electrodes as described in Section
3.3.2. After electrode patterning, positive photoresist S1813 is spin-coated, baked, exposed,
and developed on the glass slide (Figure 5.8A). Oligos are drop-casted onto the exposed
areas of interest; the photoresist acts as a physical barrier, similar to the lift-off process
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Figure 5.8: Combo-NPS Fabrication: DNA Patterning and Plasma Shield Incor-
poration. The fabrication steps for Combo-NPS modify the generalized procedure detailed in
Section 3.3. To pre-pattern DNA oligos on the glass slide, (A) photoresist is patterned on an
aldehyde glass slide and (B) amine-terminated oligos are drop-casted and allowed to covalently
bond to the aldehyde surface via reductive amination. (C) Steps (A) and (B) are repeated to
allow for a multi-component DNA-patterned surface. (D) Prior to plasma exposure, the oligos
are masked and protected by a layer of photoresist. (E) The photoresist is removed, and the
molded PDMS is allowed to bond to the glass surface, enclosing the pre-patterned DNA oligos
within a microfluidic channel.

in electrode patterning. The oligos are terminated with an amine group (N H;) that react
directly with the aldehyde group on the glass surface. The slide is baked in an oven at 80°C
for 30 min. The dehydrated slide is then place in 0.25% sodium borohydride in 1X PBS for
15 min. This initiates a reductive amination chemistry that creates irreversible C-N bonds
between the oligo and glass slide (Figure 5.8B). The remaining resist is then removed by
rinsing the slide with water and acetone. These steps are then repeated for the second oligo
strand to be pattern (Figure 5.8C).

The process of plasma bonding bombards the glass surface with high energy oxygen ions.
Doing so would damage the pre-patterned oligos; thus, an additional step is taken to preserve
the surface oligos. Photoresist is patterned over the oligo regions before exposure to oxygen
plasma, serving as a physical barrier against the high-energy ions (Figure 5.8D). After
oxygen plasma, the photoresist is rinsed off with acetone, and the bonding can proceed as
normal (Figure 5.8E), as described in Section 3.3.3.
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5.5.2 Cell Culture and Preparation

Cells were cultured and prepared according to the same protocols as described in section
4.4.2. However, because Combo-NPS probes cellular surface markers, three modifications
were made to improve surface marker preservation. First, adherent cells were released using
TrypLE, a synthetic version of trypsin. TrypLE is gentler on cells, reducing the damage that
can typically occur due to harsh cleavage enzymes found in trypsin. Trypsin itself is known
to strip cell surface proteins [242]. In contrast, TrypLE has been shown to better preserve
surface marker viability [243, 244]. Second, cells are re-suspended in PBS containing 2%
(v/v) FBS and 0.1% (w/v) sodium azide. The presence of sodium azide limits metabolic
activity, preventing the capping and internalization of surface antigens [245]. This again helps
preserve surface marker expression during Combo-NPS experimental runs. Time between cell
preparation and on-chip experimental processing can range between 15 to 90 min; thus, any
step to help preserve surface marker expression can be critical. Finally, prepared cell samples
are kept at room temperature (21°C), rather than on ice (4°C). As discussed in Section 5.3,
temperature play an important role in antibody-antigen binding kinetics. By keeping the
cells at room temperature, the interaction kinetics are improved [238], maximizing Combo-
NPS measurement sensitivity. Experimental time frames range from 1 to 3 hours; cells have
been shown to be viable at room temperature for up to 24 hours [246, 247].

5.5.3 Experimental Methods

First, the antibody expansion regions in the channel, pre-patterned with DNA oligos (see Sec-
tion 5.5.1) (Figure 5.9A), are prepared for DNA-directed patterning of surface-immobilized
antibodies by flowing a solution of 2% BSA in PBA (w/v) at 60 mBar for 15 min. The solu-
tion is incubated in the channel for 30 min to passivate the PDMS channel walls, reducing
non-specific adhesion of downstream biological compounds, such as antibodies and cells. Af-
ter, the channel is flushed with PBS at 60 mBar for 15 min. A mixture of 2 oligo-antibody
conjugates, each with a distinct oligo label, is prepared at a 1:1 ratio to a final concentration
of 0.4 uM. The oligo-antibody conjugates mixture is flowed through the channel at 60 mBar
for 15 min, and allowed to further incubate for 30 min (Figure 5.9B). Unbound excess
oligo-antibody conjugates are then flushed out with PBS at 60 mBar for 15 min. Only the
surface-immobilized antibodies in each region remain (Figure 5.9C).

To begin an experimental run, cells are suspended at a concentration of 1.5 — 2.5 x 10°
cells/mL (see Section 4.4.2 and 5.5.2) and introduced into the Combo-NPS microfluidic
channel at a pressure of 50-150 mBar. The device is connected to the Multi-Zone hardware
(see Section 3.4), and data acquisition of the resistance pulses is run for 5 to 10 min, yielding
50 to 100 single cell measurements. The tubing can be re-loaded with additional cells and a
new data acquisition run commenced.
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Figure 5.9: On-Chip DNA Patterning of Antibodies. Mouse IgG1-A’-Cy3 and Hu-
man EpCAM-G’-Cy5 oligo-antibody conjugates were simultaneously surface-immobilized in
a Combo-NPS microfluidic channel. (A) The microfluidic channel contains two regions with
pre-patterned surface oligos. (B) Mouse IgG1-A’-Cy3 and Human EpCAM-G’-Cy5 are flowed
into the channel. The entire channel is saturated with both protein conjugates. Images shown
combine brightfield (BF), Cy3, and Cy5 channels. (C) Excess oligo-antibody conjugates are
flushed out, leaving only the surface immobilized antibodies. Images shown are of region 1 and
region 2, respectively, with separate Cy3 and Cy5 channels. The fluorescent signal confirms
the successful patterning of Mouse IgG1-A’-Cy3 in region 1, and Human EpCAM-G’-Cy5 in

region 2. Scale bars = 250 pm.

5.5.4 Signal Processing and Analysis

Measured resistance signals were processed and analyzed using custom MATLAB code, avail-
able in an online repository at: https://github.com/sohnlab. Signal processing, event iden-
tification, pulse cascade parsing, and signal feature extraction is described in section 3.5.
Unique to the processing of Combo-NPS signals are 2 considerations: coincident and incom-

plete event cases and surface marker expression gating.

Non-ideal cell transit events, such as coincident, incomplete, or ambiguous cell events, are
not included in the final Combo-NPS dataset. Coincident events occur when a cell enters
the first measurement zone before the previous cell has exited the final measurement zone
(Figure 5.10A). Coincident events are flagged in the signal analysis, because they can
potentially impact and confound cell transit times. A cell in the contraction channel, for
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Figure 5.10: Combo-NPS Non-Ideal Event Cases. The resistance pulse cascade can
result in multiple, non-ideal event cases, depending on the cell transit behavior. (A) A cell
enters zone 1 (red arrow) before the previous cell has left the final measurement zone. This
scenario is known as a coincident event. (B) A cell can enters the first antibody region and
then the second antibody region, as indicated by a zone 1 and 2 pulse, but does not leave the
second antibody region, as indicated by the lack of a zone 3 pulse (red arrow). This scenario
is known as a cell idling event. (C) What appears to be a single cell entering the zone (green
arrow) is actually a doublet, as indicated by a separation in the signal pulses in down-stream
zones (red arrows).

example, would hinder fluidic velocities upstream, such as in the antibody expansion regions,
resulting in a biased measurement. In another non-ideal transit event, cells can idle in the
antibody expansion region, resulting in an incomplete resistance signal pulse cascade (Figure
5.10B). Such events are flagged and removed in the signal analysis pipeline. Finally, cells
can enter the measurement zones together, but gradually separate while transiting, leaving
the final measurement zone separately. This is known as a doublet event, and is useful in
flagging events that are not single cell (Figure 5.10C).

Normalized transit time is defined as the transit time in region 2 divided by transit time in
region 1. This metric is used to screen for positive surface marker expression. However, cells
will transit each antibody region with a natural variance, based upon a normal distribution,
regardless of their antigen-antibody interaction. To measure this variance, human MCF7 and
MCF10A cells were measured as they flowed through their respective channel geometries,
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Figure 5.11: Combo-NPS Surface Marker Expression Gating. Normalized transit time
is used to screen for positive surface marker expression; however, cells will transit each region
with a natural variance, depending on non-specific interactions. Shown here is the distribution
of the normalized transit time of (A) MCF-7 cells in W12.5 microfluidic channel, and (B) MCEF-
10A cells in W12.5 microfluidic channel. In each channel, both antibody expansion regions were
patterned with mouse [gG1 isotype control antibody. This distribution is used to define positive
surface marker expression in subsequent experiments. Histogram bin widths are equal to 0.5.
Sample size: n=466 MCF-7; n=325 MCF-10A.

W12.5 and W10.5 (see Table 5.3). The antibody expansion regions were functionalized
with mouse IgG1 isotype control; thus, the normalized transit time should approach unity
because the cells have no reason to transit one region faster than the other. In Figure
5.11A and B, we see a normal distribution of normalized transit time for each cell type in
each channel geometry. The MCF-7’s have a greater variance than the MCF-10’s, likely due
to the slower flow rates in the wider W12.5 channel geometry used by the MCF-7’s. Overall,
both distributions have an average near one, indicating that neither antibody region has
an unwarranted bias in non-specific binding. These distributions are used to ascertain the
standard deviation of the normalized transit time as the cells flow over isotype control regions
(Gisotype)- Positive surface marker expression is then conservatively gated as a normalized
transit time that is two standard deviations above unity (1 + 20;s0type)-

5.6 Results and Discussion

Immortalized breast epithelial cells and primary human mammary epithelial cells (HMECs)
were measured using Combo-NPS to investigate surface marker and mechanophenotype dif-
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ferences among non-malignant, malignant, and highly-invasive breast cancer cells. Addi-
tionally, characterizations on the inlet operating pressure were performed to better optimize
Combo-NPS measurements. Overall, these results demonstrate the potential of Combo-NPS
as an integrated platform for advanced multimodal single-cell biophysical phenotyping.

5.6.1 Inlet Pressure Characterizations

A critical parameter when conducting Combo-NPS experiments is the inlet pressure. As
discussed in section 5.3, the fluid velocity dictates cell transit velocity, and thereby the
interaction time between a cell and the surface-immobilized antibodies. We examined the
relation between inlet pressure and: measurement throughput, cell coincident events, and
incomplete cell transit events. To do so, MCF-7 cells were flowed through a Combo-NPS
microfluidic channel, with mIgG1-G’-Cy3 antibody-oligo conjugate patterned in antibody
region 1, and EpCAM-A’-Cy5 antibody-oligo conjugate patterned in antibody region 2.
A parametric sweep of the inlet pressure was performed, from 50 mBar to 150 mBar. Cell
suspension concentration was constant at 1.5 x 10° cells/mL for each discrete pressure tested.

Unsurprisingly, increasing inlet pressure improves measurement throughput. Examining the
number of cell transit event within the first 3 min of starting inlet pressure, there is almost
a 3-fold increase in throughput, from 10 cells/min at 50 mBar to 27 cell/min at 150 mBar.
Also unsurprisingly, there is a strong correlation between inlet pressure and throughput,
with a coefficient of determination (R?) of 0.89 when performing a linear regression (Figure
5.12A). In short, increasing inlet pressure increases measurement throughput.

The relation between inlet pressure versus coincident cell transit events were also examined.
As described in Section 5.5.4 and Figure 5.10A, a cell transit event is considered coincident
if a cell has entered the first measurement zone before the previous cell has fully exited the last
measurement zone. Limiting the number of coincident cell transit events is critical, because
coincident events bias cell transit timing, and need to be discarded. With a constant cell
suspension concentration, coincident cell events were evaluated as a percentage of the total
number of cell transit events identified for any given pressure. We found that increasing
the inlet pressure increases the percent of coincident cell events (Figure 5.12B). This is
congruent with our previous observation that increased pressure increases cell throughput
because greater cell throughput increases the probability that a cell will enter the channel
before the previous cell has left.

Inlet pressure also correlates with the percent of incomplete transit event. Again, as de-
scribed in Section 5.5.4 and Figure 5.10B, a cell transit event is considered ”incomplete”
if the resistance pulse cascade is not present in all six measurement zones. The most likely
reason for incomplete cell transit events is the idling of cells in either antibody expansion
region due to interactions (both specific and non-specific) with the channel walls and sur-
face antibodies. Increasing inlet pressure reduces the percentage of cell events classified as
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Figure 5.12: Combo-NPS Inlet Pressure Characterization. MCF-7 cells were flowed
though a W12.5 Combo-NPS microfluidic channel at pressures from 50 to 150 mBar. For
(A, B, C), Antibody region 1 was patterned with mIgG1-G’-Cy3 antibody-oligo conjugate;
antibody region 2 was patterned with human EpCAM-A’-Cy5 antibody-oligo conjugate. For
(D) Antibody region 1 and 2 were both patterned with mIgG1-G’-Cy3 antibody-oligo conjugate.
For (A, B, C), sample sizes are: n=65 at 50 mBar; n=117 at 75mBar, n=288 at 100 mbar,
n=139 at 125 mBar, n=169 at 150 mBar. For (D), sample sizes are: n=36 at 50 mBar;
n=89 at 75mBar, n=179 at 100 mbar, n=95 at 125 mBar, n=67 at 150 mBar. (A) The
number of identified cell transit events versus inlet pressure during the first 3 min after the
start of pressure. (B) The percent of cell transit events classified as ”coincident” versus inlet
pressure during a 10 min experimental run. (C) The percent of cell transit events classified
as ”incomplete” versus inlet pressure during a 10 min experimental run. (D) The normalized
transit time variance versus inlet pressure.
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incomplete (Figure 5.12C). This is presumably because at higher pressures, the flow veloc-
ities are higher, limiting the interaction time between the cell and channel surfaces, thereby
reducing the chances of cell idling.

Finally, the variance in normalized transit time (time in antibody region 2 divided by time
in antibody region 1) was characterized in a device where mIgG1-G’-Cy3 antibody-oligo
conjugate is patterned in both antibody regions. MCF-7s were flowed through the device with
the same pressure sweep of 50 mBar to 150 mBar. As described in Section 5.5.4 and Figure
5.11, a natural variance in normalized transit time is expected, as cells may non-specifically
interact with the surface-immobilized antibodies. Limiting or reducing this variance can
improve the gating of surface marker positive expression, and thus improve surface marker
screening. We found that increasing inlet pressure reduces the normalized transit time
variance (Figure 5.12D). Once more, this presumably because at higher pressures, the
greater flow velocities limit non-specific interactions.

Inlet flow characterizations inform the operating parameters of Combo-NPS experiments.
Higher pressures increase measurement throughput and reduce the percentage of incomplete
cell transit events. In contrast, lower pressures reduce the percentage of coincident cell
events, and increase cell-antibody interaction times. For subsequent experiments detailed,
an inlet pressure of 75 mBar was applied, trading off lower-throughputs for a reduction in
coincident cell events and increase cell-antibody integration times.

5.6.2 Malignant MCF-7 Versus Non-Malignant MCF-10A

We screened non-maligant MCF-10A and malignant MCF-7 cells for expression of human
epithelial cell adhesion molecule (EpCAM) (CD326), in addition to elastic deformability
(wCDI) and viscous recovery. EpCAM is a multifaceted protein that plays crucial roles in
physiological processes and cancer development. Structurally, it is a type I transmembrane
glycoprotein primarily involved in cell adhesion [248]. However, EpCAM’s functions have
been shown to extend beyond that, playing critical roles in cancer. Specifically, in malig-
nant cells with an epithelial phenotype, EpCAM promotes growth and invasion and serves
as a biomarker for cancer stem cells (CSCs) and circulating tumor cells (CTCs) [249-251].
EpCAM’s intricate functions make it a fascinating molecule with promising translational
applications in breast cancer research. Likewise, cancer cell malignancy has been shown to
correlate with cellular biomechanics (see Section 2.3). Simultaneously probing cellular Ep-
CAM expression and mechanophenotype engages a new approach on two previously distinct
cancer traits.

A Combo-NPS channel was functionalized with mIgG1-G’-Cy3 antibody-oligo conjugate in
antibody region 1 and human EpCAM-A’-Cy5 antibody-oligo conjugate in antibody region
2. MCF-10A and MCF-7 cells were screened separately, at 75 mBar. MCF-7’s have a larger



CHAPTER 5. COMBO NODE-PORE SENSING (COMBO-NPS)

A

2.0

1.5

wCDI

1.0

0.5

75
50

Count

75
50
25

0_

AL o

® MCF10A
® MCF7

e

13 14 15 16 17 18 19

Cell Diameter [ym]

MCF10A
|

|
19.6% +EpCAM

MCF7
[} 1 [}
o

" m 127.2% +EpCAM

075 100 125 150
Normalized Transit Time

0.50

(]
£
[
=

]

=

g
=
g

Q
N
©

£

S

o
<

EpCAM-

slope = 0.26
R®=0.07

EpCAM+
slope = -0.83
R%=

oo

- N

VOI4OIN

v

sI2c>pe =-0.06
R°=0.02

slgpe =-0.03

R°<0.01 Ii

1.4

Z40IN

1.0 1.4 06
wCDI

©c =~ =~ o = = 1T
m o v o; o & o

0.6 1.0

1.75

e \® ]

Normalized Transit Time

© = = MO =
W o & ouw o w o

B *kk*k
2.00
.1.75
21.50 i
125 .
> s
o 1.00 .
s L]
Q075
Q
@ 0.50
0.25
0.00™VGF0A  MCGF7
Cell Type
D i1 .
Q
£
i= 1.50 . .
=)
= . .
§125
=
® 1.00
N
© i
€075 .
o
-
0.50
MCF10A MCF7
Cell Type
EpCAM- EpCAM+
slzope =0.01 slope = 0.00
R =0.01 =
9]
_ - |2
P‘ @ >
slope = 0.02 e =0.01
R250.04 #o
°o=
® |9
] ~
0'. ’ |
02 10 18 02 1.0 1.8
Recovery Time



CHAPTER 5. COMBO NODE-PORE SENSING (COMBO-NPS) 89

Figure 5.13: Mechanophenotype and EpCAM Expression of MCF-7 and MCF-10A
Cells. Non-malignant MCF10A and malignant MCF-7 cells were screened for human EpCAM
expression and simultaneously mechanophenotyped with Combo-NPS. Cells were flowed though
a W10.5 or W12.5 Combo-NPS microfluidic channel with pressure-driven flow at 75 mBar.
Prior to the measurement, antibody region 1 was patterned with mIgG1-G’-Cy3 antibody-
oligo conjugate; antibody region 2 was patterned with human EpCAM-A’-Cy5 antibody-oligo
conjugate. Sample size: n=320 MCF-10A, n=320 MCF-7. (A) Scatter plot of the measured
wCDI versus cell diameter; the margins show each variable’s respective distribution with a
smoothed density plot. MCF-10A’s have a smaller diameter distribution than MCF-7’s. MCEF-
10A’s also have a lower deformability than MCF-7’s. (B) Boxplot of the viscous recovery times
of MCF-10A and MCF-7 cells; MCF-7’s have a more viscous phenotype. (C) Histogram of
normalized transit time across both antibody regions for MCF-10A and MCF-7 cells. Posi-
tive EpDCAM expression gating (1 + 20;s0ype) is indicated with a dotted green line, with the
percentage of positive cells shaded in green. (D) Boxplot of the normalized transit time for
MCF-10A and MCF-7 population; MCF-7 cells have a statistically greater normalized transit
time than MCF-10A cells. (E) Positive and negative EpCAM correlation with wCDI, for each
cell type. (F) Positive and negative EpCAM correlation with recovery time, for each cell type.
Correlations in (D) and (F) were calculated using ordinary least squares (OLS) regression.
Slope and R? values are reported for each plot.

size distribution and are consistently more deformable than MCF-10A cells (Figure 5.13A).
MCF-7 cells have a measured wCDI 10-15% greater than that for MCF-10A’s. Likewise,
MCEF-10A cells are also less viscous than MCF-7 cells, having an average recovery time that
is 2x faster than MCF-7’s (Figure 5.13B).

Of the single cell populations screened, 27% of EpCAM cells have positive EpCAM expres-
sion, compared to just 9% of MCF-10A cells (Figure 5.13C). Overall, MCF-7 cells have a
normalized transit time that is approximately 400 ms slower than MCF-10A cells (Figure
5.13D). As expected, this indicates that a greater proportion of the MCF-7 population were
EpCAM+ versus the MCF-10A population screened.

Finally, we examined specific correlations between mechanophenotype and EpCAM expres-
sion using ordinary least squares regression (Figure 5.13 E and F). Strong correlations
were not identified; however, we found that among EpCAM positive MCF-10A cells, some
variation in deformability is associated with surface marker expression. We show a slight in-
verse relation to deformability: greater EpCAM expression (higher normalized transit time)
in MCF-10As show a stiffer phenotype (lower wCDI), with a marginal R? of 0.26.

5.6.3 Screening of Heterogeneous Cell Mixtures

By integrating immunophenotyping upstream of mechanophenotyping, heterogeneous cell
populations or cell subpopulations can be identified and measured without the need for pre-
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sorting. A 1:1 mixture of MCF-10A and MDA-MB-231 cells were measured and screened
for E-Cadherin (E-Cad) and Mucinl (Mucl) expression. These targets were chosen because
they are expected to be differentially expressed between the 2 cell types: MCF-10A’s are
E-Cad positive and Mucl negative; vice versa, MDA-MB-231’s are E-Cad negative and
Muc-1 positive [252, 253]. A Combo-NPS channel was functionalized with Mucl in antibody
expansion region 1, and E-Cad in antibody expansion region 2. Cells with positive surface
marker expression (E-Cad+ = normalized transit time > 1+ 20;5tpe, Mucl+ = normalized
transit time < 1 + 20;501ype) Were plotted against wCDI (Figure 5.14A) and recovery time
(Figure 5.14B). E-Cad+ cells were statistically less deformable (lower wCDI) than Mucl+
cells. This is as expected; the proportion of E-Cad+ cells are expected to be MCF-10A cells,
while the proportion of Mucl+ cells are expected to be MDA-MB-231 cells. MCF-10A are
known to be stiffer than their invasive counterpart, MDA-MB-231 [116]. No differences were
seen in the recovery time distribution.

Similarly, primary human mammary epithelial cells (HMEC) were screened for myoepithelial
(MEp) and luminal epithelial (LEp) subpopulations, distinct lineages in which the former
is considered a tumor-suppressive cell-type, while the latter is considered a carcinogenic
target-cell-type [254, 255]. MEp’s are CD271+/CD133-, while LEp’s are CD271-/CD133+
[256]. A Combo-NPS channel was functionalized with CD133 in antibody expansion region
1, and CD271 in antibody expansion region 2. Once more, cells with positive surface marker
expression (CD2714 = normalized transit timel > 1 + 20;sotype, CD133+ = normalized
transit time < 1+ 2050pe) Were plotted against wCDI (Figure 5.14C) and recovery time
(Figure 5.14D). CD271+ (MEp) cells had a marginally lower wCDI distribution than
CD133+ (LEp) cells, though population means were not statistically different. Nonetheless,
the bimodal wCDI distribution is consistent with previous studies [132], indicating that
MEp’s tend to be stiffer than LEp’s. As with the MCF-10A/MDA-MB-231 measurements,
no differences were seen in the recovery time distribution between the MEp and LEp HMEC
subpopulations.

5.6.4 Discussion

In screening MCF-10A cells and MCF-7 cells, we demonstrate that MCF-7’s are more de-
formable, more viscous, and have greater expression of the EpCAM antigen. These traits
are all consistent with the physical changes attributed to malignant cells, when compared to
their non-malignant counterparts.

MCF-7 cells typically express EpCAM highly, though specific rates can vary depending on
any given population [257]. The lower expression values reported here can be attributed to
many measurement factors, such as non-specific binding and cell-surface interactions. It is
expected that a proportion of the cells flow at streamlines along the top of the microfluidic
channel, away from the surface-immobilized antibodies. The height is designed to be 3-5
pm larger than the mean cell diameter, constraining cell movement and encouraging cell-
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Figure 5.14: Simultaneous Mechano- & Immuno- Phenotype of Heterogenous Cell
Populations. (A,B) A 1:1 heterogenous mixture of MCF-10A and MDA-MB-231 cells were
screened against E-cadherin (E-Cad) and Mucinl (Mucl) surface markers. MCF-10A’s are
expected to be E-Cad+/Mucl- (green), while MDA-MB-231 are expected to be E-Cad-/Mucl+
(purple). Shown are scatter plots of normalized transit time versus (A) wCDI or (B) recovery
time. Only cells with surface marker expression gated as either E-Cad+ or Mucl+ are shown.
The margins show the respective mechanophenotype distribution with a smoothed density
plot. Sample size: n=>58 are E-Cad+, and n=22 are Mucl+. (C,D) HMEC’s (240L) screened
against CD271 and CD133 surface markers. HMEC MEp subpopulations are expected to be
CD271+/CD133- (gold), while the LEp subpopulations are expected to be CD271-/CD133+
(blue). Shown are scatter plots of normalized transit time versus (C) wCDI or (D) recovery
time. Only cells with surface marker expression gated as either CD271+ or CD133+ are shown.
The margins show the respective mechanophenotype distribution with a smoothed density plot.
Sample size: n=71 are CD2714, and n=85 are CD133+.
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antibody interactions. However, reducing the channel height further to improve interaction
probability would adversely strain passing cells. It is also important to note that Combo-
NPS screens for relative expression; in this case, against a control mIgG1l antibody. Cells
interacting non-specifically with mIgG1 at rates similar to their interaction with EpCAM
will result in a normalized transit time measurement that does not indicate positive EpCAM
expression. In this scenario, the cell does express EpCAM, but it’s EpCAM interaction did
not out-weight non-specific interactions. Again, this measurement scenario can result in a
lower proportion of cells gated as EpCAM+-.

We also examined correlations between EpCAM expression and mechanophenotype. Com-
pared to MCF-7’s, MCF-10A’s are not expected to overexpress EpCAM [252]. Positive
EpCAM MCF-10A cells are thus less common. For the most part, the linear regression
between + /-EpCAM, wCDI, and recovery time were largely negligible, with R? < 0.1. How-
ever, in one comparison, the correlation between + EpCAM MCF10A cells and wCDI had a
R? = 0.26. While marginal, the higher determination of coefficient was distinctive amongst
the other comparisons examined. Further studies probing the relation between increased
EpCAM expression and a decrease in deformability would be needed to validate this result.
One hypothesis is that increased EpCAM expression help stabilize the cellular cytoskeleton,
as EpCAM has been shown to directly interact with the actin cytoskeleton [258]. This would
explain why greater EpCAM expression might correlate with a mechanically stiffer cell.

A significant advantage of simultaneous immuno- and mechano- phenotyping is the capability
of measuring heterogeneous populations or subpopulations without the need for pre-sorting
the sample. We demonstrated this approach with an artificial heterogeneous population of
MCEF-10A and MDA-MB-231 cells, as well as with subpopulation screening of HMEC’s. In
both experiments, the wCDI characteristics of the positively gated cells corresponded with
the expected phenotype: E-Cad+ cells, a phenotype consistent with MCF-10A’s, were stiffer
than Mucl—+ cells, a phenotype consistent with MDA-MB-231’s. Likewise, CD271+ cells, a
marker of the MEp subpopulation lineage, had a lower wCDI distribution than CD133+ cells,
a marker of the LEp subpopulation. In either case, the more “invasive” cell type (MDA-
MB-231 or LEp) was softer or more deformable than their “non-malignant” counterpart
(MCF-10A or MEp, respectively). Once more, this is consistent with numerous studies that
have shown tumor, or invasive cells, to be softer, more deformable, and more compliant than
their health counterparts [106].

The proportion of positively gated cells were limited in all experiments. For example, in
the HMEC subpopulation experiment, a total of n=651 cells were measured, with only 10-
15% gated as positive for either CD271 or CD133. As mentioned earlier, this can be due
to interaction characteristics, such as non-specific binding or cell positioning away from the
channel surface. Furthermore, defining positive expression as greater or less than 1+ 20;stype
is a conservative metric that further limits the proportion of positive expression cells. Fu-
ture designs could focus on improving transient antibody-antigen interaction measurements.
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For example, incorporating a longer antibody expansion region could potentially improve
measurement sensitivity. Likewise, the addition of a third antibody expansion region can
mitigate issues with a relative measurement against a single control and help create a more
robust surface marker expression profile for each cell.

Overall, we present a microfluidic platform for a multi-phenome measurement of single cells.
The paired readouts of immuno- and mechano- phenotypes enables unique analyses in single-
cell characteristics among non-malignant and malignant breast epithelial cells.

5.7 Conclusion

In this chapter, I introduced Combo-NPS, an innovative microfluidic platform designed for
integrated single-cell phenotyping of multiple biophysical attributes. By combining DNA-
directed patterning and NPS technology within a single microfluidic channel, Combo-NPS
enables simultaneous measurements of surface markers, cell diameter, elastic deformability,
and viscous recovery. Specifically, DNA-directed allows for one-step surface functionaliza-
tion with immobilized antibodies for surface marker screening. Meanwhile, NPS enables
an optics-free, all-electronic measurement that can assess passing cells at moderate through-
puts. I delved into the technical details behind the platform, covering aspects such as channel
design, protein labeling, antibody surface patterning, and experimental execution. The re-
sults, based on measurements of immortalized breast epithelial cells and primary HMECs,
demonstrate unique paired analyses between surface marker expression and mechanophe-
notype. Overall, Combo-NPS sets a new standard for multimodal single-cell biophysical
phenotyping.



94

Chapter 6

Conclusions and Future Directions

In this dissertation, I discuss the development and experimental execution of novel microflu-
idic platforms for single-cell multimodal biophysical phenotyping. Broadly speaking, these
microfluidic platforms serve to complement and enhance biological inquiries by providing in-
novative tools and approaches to address previously unexplored questions. Here, I summarize
the background discussed in Chapter 2 and 3, and the primary results from the Multi-Zone
Visco NPS and Combo-NPS platforms in Chapter 4 and 5. I also discuss future directions
relevant to the continued development of these platforms, and conclude with final thoughts.

6.1 Summary

The primary scientific contribution presented in this dissertation is the development of Multi-
Zone Visco-NPS and Combo-NPS, two unique microfluidic platforms for multi-modal single-
cell biophysical phenotyping.

As discussed in Chapter 2, microfluidics refers to the manipulation of fluids at the micro-
scale, especially useful when studying and perturbing biological species such as single-cells
[259]. Here, I describe microfluidic devices for measuring the biophysical properties of sin-
gle cells. In particular, “single-cell biophysical properties” is defined as the mechano- and
immuno- phenotype of a cell. The former refers to the mechanical attributes of the cell, i.e.
elasticity and viscocity, while the latter refers to the surface proteome of the cell, i.e. surface
antigens, ligands, etc. The mechanophenotype of a cell is dictated by sub-cellular compo-
nents including the cytoskeleton, membrane, and nucleus [140, 141], and is a reflection of
the cell’s state [113]. Specifically, it is known that a progression towards malignancy results
in mechanical changes, often towards a softer, more deformable cell [106]. By developing
microfluidic tools for the mechano- and immuno- phenotyping of single-cells, I contribute to
broader research questions that aim to understand the biophysical aspects of cells in both
health and disease.



CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 95

The methodologies employed in Multi-Zone Visco-NPS and Combo-NPS utilize two core
technologies, node-pore sensing (NPS) [1] and DNA-directed patterning [215]. These ap-
proaches are further discussed in Chapter 3. Node-pore sensing (NPS) [1] is a technique used
to rapidly and electronically measure cells as they transit a microfluidic channel. Briefly, in
NPS, the electrical resistance across the microfluidic channel is recorded as pressure-driven
flow moves a cell through the channel. The channel itself is modulated with a series of node
and pores, in addition to a narrow contraction channel. The magnitude of the resistance
pulses measured is proportional to cell’s diameter, while the timing of the pulse itself gives
information about the cell’s spatial position and transit time. This information is used to
calculate the cell’s biophysical properties, such as the whole-cell deformability index (wCDI)
[132]. In Combo-NPS [215], this all-electronic NPS approach is further supplemented by
DNA-directed patterning. In this process, antibodies labeled with oligos are functional-
ized along the channel surface using pre-patterned complementary oligos. By incorporating
surface-immobilized antibodies, the immunophenotype of cells can be measured in addition
to their mechanophenotype.

In Chapter 4, I describe Multi-Zone Visco-NPS, a microfluidic platform for measuring the
dynamic rheological properties of cells. The channel design is divided into multiple zones,
each consisting of a sinusoidal contraction channel, that are aligned in series to perturb
passing cells at increasing frequencies. The measured resistance pulses are used to model
the stress on each passing cell, which can then be used to calculate the cell’s frequency-
dependent storage (G’) and loss (G”) modulus. Compared to previously published methods
[116, 159, 186, 187, 204], this approach is uniquely capable of measuring single-cell viscoelas-
tic properties at multiple distinct frequencies in moderate-throughputs of up to 10 cells/min.
I report measurements on MCF-7 breast epithelial cells before and after actin cytoskeletal
perturbation. I also report results on the viscoelastic properties of human mammary epithe-
lial cells (HMEC) that represented the entire continuum of epithelial transformation states:
from normal average risk and BRCA1 mutant high-risk primary epithelial cells, to immortal
non-malignant, malignant, and metastatic cell lines.

In Chapter 5, I describe Combo-NPS, a microfluidic platform for the paired measurement of
surface marker expression and mechanophenotype. In this platform, the channel design con-
sists of antibody expansion regions used to measure surface antigen expression, in addition
to a downstream contraction and recovery segment used to measure cellular elasticity and
recovery time. This approach enables the first moderate-throughput approach for a paired
mechano- and immuno- phenotype analysis. I thoroughly describe the implementation, de-
sign, and validation of the platform, including the effect of inlet pressure on cell behavior.
Next, I report unique results on immortalized breast epithelial cells, identifying correlations
between surface marker expression and mechanophenotype. Finally, I demonstrate how the
pair datasets can be used to screen heterogeneous cell populations, such as the luminal and
myoepithelial sub-populations in HMEC’s.
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6.2 Future Directions

Multi-zone visco-NPS and Combo-NPS are both flexible microfluidic platforms with po-
tential for continued developments that improve their operation and capabilities. From an
experimental perspective, the most common device failure mode is fluidic occlusion of the
narrow contraction segments. The likely culprit is PDMS debris that is dislodged from the
inlet hole during intubation. I hypothesize that when the holes are initially punched, small
ridges form, resulting in an uneven surface at the microscopic scale. The imperfections on
the inlet hole surface are then scrapped off during intubation. Further logistical improve-
ments can be made to reduce this failure mode. Punches need to be extremely sharp in order
to avoid this issue, and the punching technique needs to be extremely uniform. Specialized
equipment can help achieve both requirements, such as the Accu-Punch Manual Hole Punch
(Syneo). Alternative fabrication approaches can also be considered, such as 3D-printing. 3D
printing has the capability to form the entire channel structure in a single process, negating
the need to punch holes and adding the ability to incorporate multi-layered, vertical and hor-
izontal channel geometries [166]. 3D printing techniques also eliminate the need for printed
photo-masks, accelerating prototype iteration, at the trade-off of scalability and fabrication
throughput.

When examining Multi-Zone Visco-NPS, additional characterizations, designs, and exper-
iments could be evaluated. The primary stress model, described in Section 4.3.2, can be
further refined. The current model assumes a constant pressure driving force based on
COMSOL® simulations, and a cylindrical deformation. Future models can incorporate flu-
idic drag as the driving force, and a ”sliced-sphere” pancake deformation to better model
real-world conditions. Furthermore, the incorporation of advanced fluid-structure interaction
simulations [260] would enable digital model tuning and validation, and could potentially
provide an alternative way to quantify stress on a cell. Next, when examining resistance
pulses, there is often cross-talk between the zones, i.e. artifacts of a resistance pulse in one
zone is visible in another zones (see Figure 4.6D). Further studies examining this specific
effect should be explored, addressing: when does this effect occur, is it voltage or zone depen-
dent, and does it bias the zone measurements in a predictable manner. Advanced simulations
of the electric field during a cell transit event can also be used to examine this cross-talk
effect. From a geometric perspective, future device designs can incorporate a larger magni-
tude change between the frequencies applied in each zone. The current designs probe at low
frequencies over a single order of magnitude (about 1 to 100 hz). At these low frequencies,
elastic behavior dominates. However, at high frequencies, the viscous behavior dominates.
Probing cells at these frequencies could reveal more information about how the cell behaves
during rapid processes. Increasing the strain frequency in each zone would require longer
zone lengths. However, the 6mm zone designs tested and described in Section 4.5 already
reach the maximum extents of the glass substrate. A serpentine design could be evaluated
to allow for longer zones, or the use of a larger glass substrate. Finally, improvements could
be made to the data analysis approach. Machine learning (ML) models could be trained
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on the sinusoidal signals, improving signal parsing and allowing for signal features to be
directly learned [261]. This would negate the need for a complex theoretical stress model,
and instead focus on classification based on hidden signal features [262].

Likewise, the Combo-NPS approach described in this dissertation represents just the be-
ginning of a unique multi-modal platform. Immediate next steps include the incorporation
of more than two antibody expansion regions. A third antibody expansion region could
greatly improve antigen screening by enabling an additional pairwise comparison on surface
marker expression. Furthermore, longer antibody expansion regions could be explored. This
would improve measurement sensitivity by increasing the transient interaction time each cell
has with the surface antibodies. Finally, the immobilization of antibodies not just on the
glass surface, but also on the PDMS walls could be explored. Again, this would improve
measurement sensitivity by increasing the probability of interaction between immobilized
antibodies and a transiting cells. Using commercially available crosslinkers, such as PAcrAm
(SuSoS AG) [263], the PDMS surface could be fictionalized with oligos, enabling a similar
DNA-directed patterning approach of surface antibody immobilization.

Lastly, a broad future direction to consider is the further miniaturization and integration
of the fluidic channel with the electronic hardware. The multi-zone hardware (see section
3.4) led in this direction by integrating bench-top amplifiers and power supplies directly into
the PCB architecture, vastly reducing the hardware footprint when compared to previous
NPS set-ups [132, 159, 173, 264]. The footprint can be further be reduced using custom
integrated-circuit (IC) components that interface directly with the microfluidic channel, cre-
ating an all-in-one chip [265] that requires only a single external pump for pressure-drive
flow. Reducing hardware complexity can improve device accessibility, improving adoption in
labs with limited microfluidic infrastructure and knowledge. Furthermore, the use of IC chips
have the added benefit of improving SNR [266], as the components can be tailored for an
NPS application. Beyond hardware improvements, more user-friendly software can also be
used for data acquisition and real-time processing. The current command-line based scripts
[173, 267] can again hinder accessibility. Intuitive graphical interfaces can be implemented
to further reduce adoption barriers.

6.3 Concluding Remarks

This dissertation describes two unique microfluidic tools for biomedical research. As de-
scribed in Chapter 1, the development of new tools form the bedrock of scientific research
advancement. Here, I described Multi-Zone Visco-NPS, a tool that enables the viscoelastic
measurement of single-cells in an approach that is faster than conventional methods. I use
it to probe the viscoelastic properties of breast epithelial cells, uncovering the mechanical
differences between cells ranging from non-malignant to high-risk. Furthermore, I also de-
scribed Combo-NPS; a first-of-its-kind tool for ascertaining both the mechano- and immuno-
phenotyping of a cell in a single, simultaneous measurement. This platform enables a paired



CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 98

analysis of surface marker expression and biomechanical properties, opening up new applica-
tions in cell screening, subpopulation identification, and correlation studies between surface
marker expression and mechanophenotype. The tools presented and described in this dis-
sertation contribute to, and advance the, single-cell measurement capabilities present in the
biomedical research field. Multi-Zone Visco-NPS and Combo-NPS set a new baseline for the
development of future NPS technologies.
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