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Abstract

Bridging the gap between protein microfluidic assay and precision oncology: developing
sample preparation and assay standards for robust protein measurement

by

John J. Kim

Joint Doctor of Philosophy with University of California, San Francisco in Bioengineering

University of California, Berkeley

Professor Amy E. Herr, Chair

Microfluidics enables high-throughput protein measurements and holds great promise
in unraveling the mechanisms underlying complex biological systems, such as the estrogen
receptor signaling pathways in breast cancer. However, implementation of protein cytometry
for precision oncology is stymied by insufficient classification and insight of protein isoforms,
high sample losses during handling, and lack of standards that evaluate device performance.
In my dissertation, I address each of these challenges by applying chemistry and physics to
develop and optimize single-cell electrophoretic protein assays.

Lab-on-a-disc platform for sparse sample handling: To minimize cell handling
losses in sparse samples from both clinical and experimental settings, we designed and devel-
oped a multi-stage assay using a lab-on-a-disc that integrates cell handling and subsequent
single-cell western blotting. As the two-layer microfluidic device rotates, the induced cen-
trifugal force directs dissociated cells to dams, which in turn localize the cells over microwells.
Taking into account cell losses from loading, centrifugation, and lysis-buffer exchange, our
lab-on-a-disc device handles cell samples with as few as 200 cells with 75% cell settling ef-
ficiencies. By integrating the lab-on-a-disc cell preparation and the single-cell western blot,
our platform measures proteins from sparse cell samples at single-cell resolution.

Microparticle-delivered standards for protein sizing: To identify different protein
species (i.e. isoforms) and complexes that are spatially resolved in the separation lanes of
single-cell western blot, protein sizing standards are needed for thousands of separation lane
to accurately measure the protein masses. Here, we developed a technique to deliver magnetic
microparticles with protein sizing standards into microwells and integrate with the single-
cell western blot workflow. Using nickel-histidine chemistry, we demonstrated that 80% of
protein standards are released from microparticles within a time scale of in-situ cell lysis.
After characterizing release and electrophoresis of protein sizing standards in hundreds of
single-cell separation lanes, we successfully analyzed lane-to-lane and chip-to-chip technical
variability and extracted mass sizes of cellular endogenous proteins from individual cells.
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Single-cell western blotting for refining estrogen receptor taxonomy: Estrogen
receptor (ER-α) is a key regulator of cancer growth, and different ER-α isoforms have been
shown to affect hormone therapy response in breast cancer (BCa). Conventional immunoas-
says cannot selectively measure ER-α isoforms, given the high amino-acid sequence overlap
between all isoforms of ER-α. To address this challenge, we demonstrate a high-selectivity,
single-cell western blot, that distinguishes full-length ER-α66 from truncated ER-α46 in single
cells by prepending an electrophoretic separation of proteins to a subsequent immunoassay.
Employing this assay, we measured abundance and frequency of ER-α isoforms in ER-α+/-

BCa and identified a < 10% subpopulation of BCa cells with truncated ER-α46. Then,
by treating cells with estradiol and tamoxifen, we discovered distinctive activations of ER-α
signaling pathways from different BCa subtypes. Our single-cell quantitation of downstream
ER-α and downstream signaling proteins have a potential to bring new therapeutic regimes
for hormone-resistant cancers.

Kinetic binding measurement assay: Traditional biochemical assays suffer from low
reproducibility and lengthy sample handling time to prepare a large set of samples. By
using a microfluidic platform, serial preparation steps are reduced by exploiting a laminar
flow and channel design to create spatial gradient and uniform concentration of proteins.
Using a polyacrylamide gel as an size exclusion zone, the amount of bounded molecules over
a different range of initial molecule concentrations are captured. The result of bounded
fraction are plotted to find a dissociation constant rate of a receptor protein and its binding
molecule.

Taken together, these advancements for robust protein measurement will provide a po-
tential to apply microfluidic protein tools for precision oncology.



i

To my beloved family, colleagues, and friends



ii

Contents

Contents ii

List of Figures iv

List of Tables vi

1 Introduction 1
1.1 Motivation and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Bibliography 10

2 High-selectivity cytology via lab-on-a-disc western blotting of individual
cells 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Bibliography 34

3 Microparticle delivery of protein markers for single-cell western blotting
from microwells 38
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Bibliography 65

4 Single-cell electrophoretic cytology resolves estrogen receptor isoforms
and refines taxonomy for understanding hormonal responses in breast
cancer 69
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69



iii

4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Bibliography 95

5 Integrating sample preparation and size exclusion electrophoresis to
measure binding affinity 99
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Bibliography 115

6 Conclusions and Future Directions 118



iv

List of Figures

1.1 Flow streamlines around a fixed particle . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Different dominant forces on cells, microparticles, and proteins in microfluidic

systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Lab-on-a-disc device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2 Lab-on-a-disc couples the handling of sparse cell samples with single-cell western

blotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Schematic workflow of the lab-on-a-disc handling and scWestern blotting . . . . 20
2.4 Characterization of particle drift velocities as a function of rotational velocity . 21
2.5 Effect of centrifugation on cells is examined at different rotational speeds . . . . 22
2.6 Cell loading by capillary force results in a uniform cell distribution across the

array of microwells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.7 Lab-on-a-disc handling enhances single-cell microwell occupancy from sparse cell

samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.8 Cell losses during lab-on-a-disc handling . . . . . . . . . . . . . . . . . . . . . . 25
2.9 Size filtration of cells by centrifugation . . . . . . . . . . . . . . . . . . . . . . . 27
2.10 Lab-on-a-disc scWestern analysis of 14 single cells from a sparse, 24-cell biospecimen 29
2.11 Comparison of single-cell protein peak expressions between Lab-on-a-disc and 2D

microwell-array scWesterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.12 Height profiles of the lab-on-a-disc device . . . . . . . . . . . . . . . . . . . . . . 32

3.1 Schematic of the single-cell immunoblot workflow integrating protein ladder with
microparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Ni 2+ - coated microparticle settling and release of protein ladder components. . 45
3.3 Single-cell immunoblot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.4 Efficiency of labeling fluorescent proteins on microparticles . . . . . . . . . . . . 46
3.5 Release of fluorescent proteins on microparticles at different buffer concentratons 48
3.6 Ferguson analyses of the protein ladder and utility as an estimator of molecular

mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.7 Variation of protein ladder electromigration in a single-cell immunoblot chip . . 51
3.8 Scatter plots of percent mass error between expected and estimated molecular

weight of protein markers across 3 chips . . . . . . . . . . . . . . . . . . . . . . 53



v

3.9 Spatial analysis of protein ladder electromigration . . . . . . . . . . . . . . . . . 54
3.10 Percent mass error distribution of protein standards at different microwell spacing 55
3.11 Imidazole decreases protein signals . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.12 Buffer exchange minimizes imidazole interference with ladder protein components 57
3.13 Buffer exchange minimizes imidazole interference with cellular endogenous proteins 58
3.14 Determination of protein mass using protein ladder in single-cell immunoblotting 60
3.15 Slab-gel western blots of STAT3, CK8, GAPDH, with MCF-7 cells . . . . . . . . 62
3.16 Protein ladder performs molecular sizing of CK8 more accurately than cellular

proteins as standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.1 Antibody selectivity and non-specificity of ER-αisoforms . . . . . . . . . . . . . 75
4.2 Conventional western blots to validate ER-αantibodies . . . . . . . . . . . . . . 76
4.3 Percent of MDA-MB-231 cells with ER-α . . . . . . . . . . . . . . . . . . . . . . 77
4.4 Technical variability across scWestern devices . . . . . . . . . . . . . . . . . . . 79
4.5 Chemical lysis optimization of scWestern for resolving ER-α isoforms . . . . . . 81
4.6 Detergent and time optimization of scWestern for resolving ER-α isoforms . . . 82
4.7 Hormone-sensitive MCF-7 cells exhibit four subpopulations of ER-α isoforms in

scWestern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.8 scWestern measuring ER-α46 isoform in MDA-MB-231 BCa cells . . . . . . . . . 86
4.9 TAM and E2 treatments perturb ER-α isoforms in MCF-7 and MDA-MB-231 cells 88
4.10 E2 and TAM effects on proteins associated with ER-α signaling pathways . . . . 90
4.11 E2 and TAM effects in MCF-7 and MDA-MB-231 cells . . . . . . . . . . . . . . 91
4.12 Estradiol stimulation and ER-α inhibition by TAM perturbs ER-α signaling path-

ways in MCF-7 and MDA-MB-231 cells . . . . . . . . . . . . . . . . . . . . . . . 92

5.1 Design and fabrication of the microfluidic affinity assay . . . . . . . . . . . . . . 103
5.2 Generating OVA antibody concentration gradient across the channel width with

a H-filter microchannel design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.3 Immobilization of OVA antibody at the size exclusion zone . . . . . . . . . . . . 106
5.4 Loading spatially uniform concentration of OVA in the microfluidic affinity assay 107
5.5 Microfluidic affinity device couples spatial gradient generation of protein concen-

tration and electrophoretic size exclusion . . . . . . . . . . . . . . . . . . . . . . 108
5.6 Immobilizing the receptor at the size exclusion zone . . . . . . . . . . . . . . . . 109
5.7 Receptor immobilizes at the size exclusion zone, and the receptor concentration

gradient remains unchanged over electrophoretic washing . . . . . . . . . . . . . 110
5.8 Binding of OVA and OVA antibody at the size exclusion zone . . . . . . . . . . 111
5.9 Calibration curves for fluorescence-tagged OVA and OVA antibody to extract

amount of protein concentration based on fluorescence. . . . . . . . . . . . . . . 112
5.10 Measurement of KD in the microfluidic affinity assay in a single run . . . . . . . 114



vi

List of Tables

2.1 Separation resolutions between each protein peak from the lab-on-a-disc scWest-
ern device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1 List of proteins carried by nickel-conjugated magnetic microparticles. . . . . . . 41
3.2 Quantitation of protein-ladder peak locations . . . . . . . . . . . . . . . . . . . 49

4.1 List of commercial ER-α antibodies tested in conventional western blotting for
ER-α selectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74



vii

Acknowledgments

During my graduate work, I was fortunate enough to have support from incredible people.
I wholeheartedly thank every past and current lab member. One of big reasons to join Herr
lab is because of their enthusiasm and kindness. I sincerely appreciate Dr. Todd Duncombe,
Dr. Chi-Chih Kang, Dr. Elly Sinkala, Dr. Julea Vlasakkis, Dr. Augusto Tentori for taking
extra miles to guide and help me during my struggles in my projects. To Hector Neira,
Elisabet Rosas, and Elaine Su, I am blessed to go through this PhD journey together and
thank you for wonderful memory together. Hector deserves the best housemate and labmate
I could ever asked for. Lastly and foremost, I owe Prof. Amy E. Herr a debt of gratitude.
Prof. Herr is an exemplary scientist and mentor who has taught me how to carefully analyze
and communicate science with communities. Her professionalism and passion for science
truly motivate me to pursue my dream to inspire others like her and find a cure for cancer.

Before my graduate school, my first research experience started during my summer high
school research program at University of California, Santa Barbara. I thank Dr. Douglas
Thrower who introduced me to my first research experience in cancer and microtubule kinet-
ics. After high school, I am extremely lucky to work in Brady Urological Institute at Johns
Hopkins Hospital. I learned tremendous amount of biology and cancer by doing research
with phenomenal oncologists. I especially cannot thank enough for Prof. Donald S. Coffey,
who believed in me and taught me how to think creativity. Prof. Coffey’s leadership and
genuine hospitality influenced me to follow his footsteps in medicine.

Without my family and friends, I would not be the person I am today and be where I am
now. I thank you so much to my grandmother who believed in me and sacrificed so much.
I wish you were here with me. I owe my forever gratitude to my parents (Prof. Hyo Kim
and Gi-Bun Lee) who sacrificed so much to provide me high education. I also cannot thank
enough to my lifetime supporter and brother, Robert Kim. His guidance with intelligence
and compassion motivated me to pursue science and engineering. Lastly, I thank my close
friends who keep me in check and build unforgettable memories together: Hikaru Miyazaki,
Anthony Turk, Phillip Kang, Bennett Ng, Joe Dyer, Vikram Rajan, Stephanie Caronna,
Ahmed Aly, Kiwoo Shin. I dedicate this dissertation to all my family and friends.



1

Chapter 1

Introduction

1.1 Motivation and Overview

Proteins are a group of macromolecules that carry information in living systems. Elucidating
protein functions and structures has been an ongoing quest for biologists and engineers, as
proteins are directly associated with progression of many diseases. Although genomes do
not vary much within the same organism, protein functions can be very heterogeneous. This
inherent heterogeneity leads to complexity that is difficult to decode protein functions and
cellular outputs. Protein abundance, post-translational modifications, and conformational
states vary from cell to cell and generate complex systems with different cellular phenotypes
that are not feasible to measure with current bulk and/or non-specific biological assays. As an
example, estrogen receptor (ER-α) is one of protein markers that are stained in immunoassay
to grade progression of breast cancer. About 80% of patients have breast cancer the ER-α
positive and receive hormone therapy [1, 2]. However, about 16% of patients have cancer
with drug resistance and do not survive more than 5 years [3, 4]. To assess and reverse the
drug resistance in cancer, precision medicine necessitates quantitative protein tools with high
specificity to identify and measure abundance and kinetics of proteoforms. The advances
in quantitative measurement of proteoforms have a potential to solve the ’leaky’ protein
biomarker pipeline, in which only 3 5% out of > 7000 new protein biomarkers reach to
clinical diagnostics and therapeutics [5, 6].

A considerable discrepancy (2.5% - 26%) in protein biomarker grading in immunoas-
say between clinics can occur due to lack of standardization in sample preparation, semi-
quantitative analysis, and assay evaluation [6–8]. In order to develop biomarkers and per-
sonalized drugs that selectively target a pathological condition, integrated and automated
assays are essential for reproducible and precise protein measurements. Sample preparation
can benefit from recent advances in microfluidics. Because of deterministic fluid flow inside a
microchannel and capability of parallel processing, microfluidic assays can integrate sample
preparation modules with detection modules to reduce errors and losses in sample handling.
In the chapters 2 and 5, we design and develop integrated microfluidic tools to reduce loss
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of rare cell samples and serial protein dilutions to measure binding kinetics of proteins [9].

Moreover, the facile integration of modules in microfluidics is realized in evaluation and
validation of device reproducibility and specificity. Consistency of protein analysis between
device replicates is achieved by utilizing analytical standard materials to each replicate. In
the chapter 3, we develop microparticle delivery of protein standard markers to evaluate
single-cell protein sizing performance within and across the replicates.

Besides sample preparation and device evaluation, semi-quantitative and bulk protein
measurement can mask an essential information about heterogeneous cellular functions and
associations of proteoforms in cellular signaling pathways. In the chapter 4, we extensively
characterize and investigate heterogeneity of full-length and truncated ER-α isoforms and
proteins associated with ER-α signaling pathways in response to hormone treatments (E2
and tamoxifen) in individual breast cancer cells. Quantitative analysis of proteoforms at a
single-cell resolution will provide rich information about cell subpopulations that develop
resistance or sensitization to targeted therapies.

The following sections describe fundamental principles of physics and separation science
applied for designing and developing microfluidic protein assays.

Fluid Dynamics in Microfluidics

At microscale, fluid dynamics constitutes well-defined models that quantitatively describe
the interplay between fluid flow and physical chemistry. Under the assumptions of fluid
continuum and incompressibility, the conversation laws of mass, charge, and momentum
are applied for describing phenomena under viscous fluids. The conservation law of linear
momentum in a controlled volume is described as:

(Change of accumulation rate of momentum) = (Rate inflow of momentum) - (Rate
outflow of momentum) + (Sum of forces)

The sum of forces are divided into two kinds in fluid dynamics: surface and body forces.
Surface forces are composed of pressure, shear stress, and normal stress. Pressure is a com-
mon parameter used for controlling the fluid flow in microfluidic devices. Regarding the body
forces, microfluidic technology exploits gravity, electric, magnetic, and centrifugal forces for
controlling fluid and sparse particles. By applying the fluid incompressibility assumption and
using divergence theorem in the conservation of momentum equations, Cauchy momentum
is obtained:

∂

∂t

∫
V

ρ~udV = −
∫
S

(ρ~u~u)n̂dA+

∫
S

~~tn̂dA+

∫
V

∑
~fldV (1.1)
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ρ
∂~u

∂t
+ ρ~u · ∇~u = ∇ · ~τ +

∑
~fi (1.2)

where ρ is the density, u is the flow velocity, τ is the shear tensor, n is the unit vector, f
is the body forces per unit volume.

By decomposing the stress tensor into pressure and viscous forces, the Navier-Stokes
equations for a Newtonian incompressible fluid are obtained:

ρ
∂~u

∂t
+ ρ~u · ∇~u = −∇p+ ν∇2~u+

∑
~fi (1.3)

where ν= fluid kinematic viscosity, p is pressure.

The Navier-Stokes equations describe the motion of fluids as the balance among inertial,
pressure, viscous, and external applied forces. For simulation and modeling, the Navier-
Stokes equations are solved under the conservation of mass (the continuity equation) for
incompressible fluid:

∇ · ~u = 0 (1.4)

In microfluidics, viscous forces (diffusion) dominate over inertial forces (convection) under
a laminar flow. To characterize a flow condition for microfluidic devices, a dimensionless
momentum transport ratio of convection to diffusion, Reynolds number (Re), is used and
defined as:

Re =
uL

nu
(1.5)

Small characteristic velocity, characteristic channel length, or high viscosity lead to the
small Re (Re < 1)that indicates the laminar flow in microfluidic systems.

Stokes Flow as an Approximation for Particle Movement in
Microfluidic Design

Considering that microfluidic systems involve small characteristic channel length and/or
small velocity flow, the Stokes flow approximation is often applied to predict flow and particle
behaviors with viscous friction. Assuming the body forces are zero for now, the Navier-Stokes
equation can be written in a dimensionless form with the Re term:

Re

(
∂~u

∂t
+ ρ~u · ∇~u

)
= −∇p+∇2~u (1.6)
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As Re becomes really small (Re → 0), the equation is simplified without non-linear terms
and described as the Stokes flow equation:

0 = −∇p+∇2~u (1.7)

For the uniform and laminar flow around a fixed particle (Figure 1.1), the analytical
solution of the Stokes flow is used to describe the drag force from viscous forces (Fd):

Fd = 6πRijρν ~U (1.8)

where U is the fluid velocity relative to the particle, and Rij is the translational tensor.
For a solid sphere, Rij is replaced with radius of the sphere (a) and resulted in the classical
Stokes drag law.

Fd = −6πaρν ~U (1.9)

For the following sections, the balance of viscous forces and body forces is outlined to
design, optimize, and integrate processes of sample handling and proteoform detection in
microfluidic assays.

Figure 1.1: Flow streamlines around a fixed particle. Under a laminar flow with Re <<1,
the viscous force (FD) acts on the particle.

Newtons Second Law and Governing Forces in Microfluidics

Microwells are widely utilized to isolate intact single cells for subsequent analysis. [10–13] Mi-
crowell arrays have been used for high throughput and automatic analysis of DNA [13–15] and
protein[16, 17] from hundreds to thousands of cells. Gravity is commonly used to sediment
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single cells into open microwells, followed by in-situ cytometry. To conduct electrophoresis of
single-cell lysate, an external electric field is applied across cell-laden microwells (fabricated
in agarose or polyacrylamide) to initiate and drive electrophoresis separation. Physically
isolated inside microwells, intact individual cells are readily monitored for cell morphology
[18, 19] and lysed to measure DNA damage and repair [13, 20], transcriptional levels [14,
15], and protein expression [21, 22].

In the chapters 2 – 4, an open microfluidic device format comprising an array of microwells
cast in a thin layer of polyacrylamide gel is developed and utilized to perform electrophoretic
analyses of isolated mammalian cells, including circulating tumor cells and breast cancer cells
[9, 16, 23–26]. Each microwell acts as a reactor for cell and microparticle preparation, with
endogenous and microparticle-delivered proteins then subjected to electrophoretic analysis
(i.e., protein PAGE, isoelectric focusing) in the surrounding polyacrylamide gel layer.

As cells and proteins are assumed to be spherical particles in the laminar flow, passive
and active forces are assessed to characterize the microfluidic processes (Figure 1.2).

Figure 1.2: Different dominant forces on cells, microparticles, and proteins in microfluidic
systems throughout the dissertation chapters. (A,B) In order to settle cells in the microwell
array, passive gravity and centrifugal forces are used. (C) Magnetic and passive gravity
forces are used to settle microparticles in the microwell array. (D) Under an electrical field,
Coulomb force is applied on proteins to migrate inside the microfluidic devices.
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Particle Sedimentation and Centrifugation

For passive gravity settling of cells in the microwells, force of gravity (including buoyant
force) and drag force are dominant forces (Figure 1.2A). The force balance for the cells that
are freely falling in microwells is described as:

6πaρfluidν ~U =
4

3
πa3 (ρcell − ρfluid)~g (1.10)

Solving the equation above, the terminal velocity of cell sedimentation is described as:

~U =
2

9

a2

ν

(
ρcell
ρfluid

− 1

)
~g (1.11)

Of note, the terminal velocity is proportional to the square of cell radius, which is ex-
ploited for fractionation of cells with different diameters in the chapter 2. Furthermore,
controlling cells are further refined by utilizing centrifugal force perpendicular to the passive
gravity. Similar to the gravity settling, the centrifugal force and the drag force balance out
in the rotating reference frame (Figure 1.2B).

~U =
2

9

a2

ν

(
ρcell
ρfluid

− 1

)
[~ω × (~ω × r)] (1.12)

~U =
2

9

a2

ν

(
ρcell
ρfluid

− 1

)(
~ω2r
)

(1.13)

Here, ωis an angular velocity, and r is the distance from the axis of rotation of the
frame. Later in the chapter 2, we characterize and optimize the angular velocity to control
the terminal velocity of cells and time-of-flight required to place cells next to dams and
microwells.

Magnetophoresis

In the chapter 3, nickel microparticles are introduced as carriers of protein markers for using
as standards for protein sizing. To actively settle the microparticles in the microwells, we
applied an applied, external magnetic field using a permanent magnet. The dominant forces
for the active microparticle settling are the magnetic, gravity, and drag forces (Figure 1.2C).

6πaρν ~U =
4

3
πa3 (ρcell − ρfluid)~g + (~m · ∇) ~B (1.14)
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Here, m is the magnetic moment, and B is the magnetic field. Under the influence of an
applied magnetic field, the electrostatic forces from surface-charged particles are generated
yet only considered to be significant when the distance between particles are less than 10
nm [27, 28].

Electrophoresis

Electrophoresis is a method of separation of proteins by sieving proteins through a gel or a
fluid by applying an electric field. In response to the potential field in the colloidal solution,
an electric double layer (EDL) around the proteins is formed with a debye length (λ), where
an excess of counterions and a deficiency of co-ions exist. Under an electric field, two main
forces applied to the proteins are drag and electric (Coulomb) forces (Figure 1.2D). Balancing
these forces, we get a particle velocity:

6πρνa~U = q ~E (1.15)

~U =
q ~E

6πaρν
(1.16)

Here, q is the net charge on protein, E is the electric field.

When the protein radius (a) is greater than the debye length, curvature effects on the
EDL can be ignored, and we can relate the particle velocity equation with the Helmholtz-
Smolochowski equation to obtain an electrophoretic mobility:

~U = −εζ
~E

ρv
= −µE

~E (1.17)

µE =
εζ

ρν
=

q

6πa
(1.18)

Here, ε is permittivity and ζ is electric potential. Of note, the electrophoretic velocity is
directly proportionally to the protein net charge and inversely proportional to the particle
radius. Using this electrokinetic principle, proteins can be analyzed by separating based on
molecular mass (size) or isoelectric point (charge).
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Diffusion

In cells, Brownian motion is neglected because the average mammalian cell diameter is in
micron range. On the other hand, Brownian motion, significantly affects small particles like
proteins, which have a diameter ¡ 10 nm. Down a concentration gradient, the proteins diffuse
in a distance proportional to the square root of the diffusion time. Driven by the thermal
energy, Stokes-Einstein equation is used to describe diffusion in the low Re number:

Fthermodynamic = Fdrag (1.19)

−kBT
c

~∇c = 6πρva~U (1.20)

Where c is protein concentration, kB is Boltzmann constant, and T is temperature.
Because the mean protein velocity (U) can be described as the ratio of flux (J) to the
protein concentration, we can apply the second Fick law to get the diffusion coefficient (D)
in terms of thermodynamic and viscous parameters:

~J = −D~∇c = ~Uc (1.21)

~J = −D~∇c (1.22)

−kBT
c

~∇c = 6πρva
~J

c
(1.23)

kBT

c
~∇c = 6πρva

D~∇c
c

(1.24)

D =
kBT

6πρva
(1.25)

For designing processes in the open microfluidic format, diffusion affects the detection
limit and the resolution of protein separation. More specifically in the single-cell elec-
trophoretic assay, timescales for protein solubilization and electromigration and buffer tem-
perature are carefully considered to ensure that the proteins are not too diffused out into
the solution below the limit of detection.
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Separation Resolution

Diffusion drives dispersion of protein peaks, thereby lowering the resolution of detecting
proteins with different molecular sizes or isoelectric points. Separation resolution is a com-
mon metric in analytical chemistry to describe how well two protein peak distributions are
separated. The separation resolution (SR) is defined as:

SR =
∆x

2 (σ1 + σ2)
(1.26)

where δx is the center-to-center distance between the protein peaks and σ is the peak
width. The protein peak width (σ) is affected by the injection width (σo) and the variance
of the position, caused by diffusion (2Dt).

σ = σo + 2Dt (1.27)

In electrophoresis, the center-to-center distance (Δx) translates into the difference of
electrophoretic mobilities (Δµ) between two proteins peaks for a given time (Δt) of applied
electric field (E):

∆x = ∆µE∆t (1.28)

In analytical chemistry, two species are typically considered to be resolved when the SR
= 1, or only overlapping 2% each other.

Protein Sizing by Electrophoresis

Protein molecular sizes can be predicted by measuring electromigration of uniformly charged
proteins. The addition of anionic detergent, such as sodium dodecyl sulfate, provides a uni-
form charge-to-mass ratio to proteins. When the uniformly charged and denatured proteins
are electrophoresed through a sieving matrix, Ferguson analysis can be used to estimate un-
known molecular sizes from the log-linear regression relationship between the known molec-
ular sizes and the known protein electromigration [29]:

log(µEt) = −kT (1.29)

Here, k represents a retardation factor (analogous to the translational tensor in the drag
force), and T represents the density of the sieving matrix. In the chapter 3, we exten-
sively use the Ferguson analysis to investigate protein sizing performance in the single-cell
electrophoretic assay.
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Chapter 2

High-selectivity cytology via
lab-on-a-disc western blotting of
individual cells

Material adapted from: Kim JJ, Sinkala E, Herr AE. High-selectivity cytology via lab-on-a-
disc western blotting of individual cells. Lab on a Chip, 2016; doi: 10.1039/C6LC01333C

2.1 Introduction

Immunocytochemistry (ICC) and immunohistochemistry (IHC) are workhorse immunoassays
routinely employed for assessing cancer grade from biopsy samples. Single-cell resolution is
important, as the degree of cellular heterogeneity can provide insight into cancer diagnosis
[1–3], prognosis [4], and the selection of therapeutic regime [5–7]. Yet, in these cell-based
assays, multiplexing is constrained to a sub-set of 4-5 protein targets per cell [8]. Selectivity
is limited by unavailable immunoreagents and poor immunoreagent performance, which can
yield substantial off-target and background signals [9, 10]. Deep profiling of protein-mediated
signalling would complement conventional clinical protein assays as well as supplement single-
cell resolution genomics and transcriptomics.

In contrast to immunoassays (i.e., single-stage protein assays), multi-stage protein assays
enhance selectivity by prepending a protein sizing (electrophoresis) stage to the downstream
immunoassay stage. These so-called immunoblots report both protein molecular mass and
immunoreactivity, thus offering more comprehensive information on both the targets and
any confounding signals. While providing powerful analytical specificity, contemporary slab-
gel western blotting requires pooling of cells to achieve sufficient analytical sensitivity [11].
Slab-gel western blotting typically requires 105 - 106 cells, thus making the assay ill-suited for
analysis of small volume biopsies. More broadly, the pooling of cell populations obscures cell-
to-cell variation in protein expression. To overcome this limitation, our recent studies report
microfluidic single-cell western blotting (scWestern)[12–15]. While promising, the analytical
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module has not yet been integrated with an upstream cell handling module suitable for
preparation of dissociated tumour cells, as is needed for clinical impact.

That said, downstream cellular analyses have been successfully integrated with upstream
cell preparation using microfluidic design. In one class of microfluidic cell preparation tools,
a pressure-driven flow directed cell suspensions through microscale features (dams) that
passively trapped (immobilized) individual cells for subsequent in-situ enzymatic activity
assays [16, 17]. In order to yield 200 immobilized single cells, starting populations of 300,000
cells (100 µL of ~ 3 x 106 cells/mL) were required due to 50% trapping single-cell efficiencies
[16].

Another class of cell handling tools utilized applied fields and field gradients. In one
example, local magnetic fields enriched antibody-functionalized magnetic beads, which iso-
lated cells expressing specific surface receptor proteins from suspension [18]. Dependent
on antibody specificity and sensitivity, this bulk process of cell capture usually required >
1 x 106 cells [18, 19]. While useful for enrichment, antibody binding could alter cellular
gene expression [20]. In a label-free variant, dielectrophoretic (DEP) forces, created by non-
uniform electric fields based on dielectric properties, finely controlled the spatial location
of individual cells [21–23]. Embedded electrodes and low conductivity buffers limited the
damage to cell membranes or DNA [24–26]. Light has also been used to tune conductivity,
thus generating local electric field gradients useful for non-contact manipulation of cells [21].
However, before DEP, cell losses due to dead volumes and a driving pressure-driven flow
were substantial [22, 23]. Despite a slow flow rate (10 µL/min), high cell concentrations
(5 x 105 — 1 x 106 cells/mL) were needed to settle hundreds of cells for viability testing
and immunostaining [22, 23, 27]. Overall, existing single-cell protein assays, which apply
hydrodynamic or external-field techniques, require at least 1000 cells as a starting number
of cells [15, 28–30].

Owing to our interest in robust integration of sparse cell handling and subsequent scWest-
ern analysis, we explore centrifugation for cell preparation. So-called lab-on-a-disc tools
readily maneuver sparse cell samples with < 10% cell handling losses [31, 32]. The cen-
trifugal force is nearly independent of buffer properties and compatible with subsequent
electrophoretic analysis of cells from samples [31, 33, 34]. With minimal usage of cell sample
and reagents, we developed a low-loss and rapid lab-on-a-disc device that measures proteins
from single cells. Here, we report on the design, demonstration, and characterization of a
centrifugal cell preparation module to direct cells from sparse starting cell populations to
single-cell occupancy of microwells for subsequent scWestern.
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2.2 Materials and Methods

SU-8 Soft Lithography

A two-layer polyacrylamide gel was polymerized against a silicon wafer with SU-8 features.
The bottom layer of the gel houses chamber walls and dams, and the top layer houses
microwell pillars. A mechanical grade silicon wafer (University Wafers) was pre-treated
with isopropanol and acetone to clean the wafer surface. An 80-µm SU-8 3050 (Y311075;
MicroChem) layer was coated by spinning at 1750 RPM for 30 s and soft baked at 95 °C
for 30 min. To create an SU-8 mold of the chambers, the wafer was exposed to UV (Model
200IR, OAI) at 40 mW/cm2 for 6 s through a Mylar mask (CAD/Art Services), which has a
transparent area with the chamber design. After a post-exposure baking at 65 °C for 1 min
and 95 °C for 5 min, another layer of 40-µm SU-8 3050 was spin-coated at 4000 RPM for 30 s
on top of the previous SU-8 layer to make microwell posts. Then, the wafer was soft baked at
95 °C for 15 min, and exposed to UV (40 mW/cm2, 5 s) under another Mylar mask with the
microwell design. Followed by post-exposure baking (65 °C for 1 min, 95 °C for 5 min), the
wafer was submerged in SU-8 developer (Y020100; Microchem) and rinsed with 2-propanol.
In the end, the wafer was composed of an 80- µm bottom layer with chamber posts and a
40-µm top layer with microwell post. Before casting a polyacrylamide gel, the wafer was
coated with 100 µL hydrophobic dichlorodimethylsilane (DCMC, 440272; Sigma-Aldrich)
via vapor-deposition for 40 min under vacuum. The SU-8 molds thickness was measured by
using a surface profiler (Sloan Dektak 3030) with a 0.10 mN stylus force.

Device Materials and Fabrication

Two chambers with microwells and dams were fabricated on a standard microscope glass slide
by casting a polyacrylamide gel against the wafer with SU-8 features. The final gel with 8
%T and 2.7 %C was chemically polymerized from a stock 30 %T, 2.7 %C acrylamide/bis-
acrylamide solution (A3699; Sigma) with a 3 mM N-[3-[(3-Benzoylphenyl)formamido]propyl]
methacrylamide (BPMAC, custom synthesized by PharmAgra Laboratories) and 75 mM Tris
HCl pH 8.8 (T1588; Teknova). Ammonium persulfate (A3678; Sigma) and TEMED (T9281;
Sigma) were used as reagents for chemical polymerization. The dried gels thickness was
measured by using Sloan Dektak 3030. To hold the cell suspension inside each chamber
during centrifugation, a polyester film (GelBond; Lonza) was used as a lid (Figure 2.1).
Holes were punched in the lid using a revolving hole punch (Herm Sprenger, 10809). A
liquid superglue (Loctite) was applied along the edges between the glass slide and the lid to
act as a seal.
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Figure 2.1: Lab-on-a-disc device consists of a polyester film, polyacrylamide gel, and a
microscope glass slide. The polyester lid encloses a cell suspension inside chambers during
centrifugation. The microscope glass slide functions as a base support for the polyacrylamide
gel and allows to image cells and proteins during the device operation.

Cell Line and Microbead Preparation

A U251 glioblastoma cell line with stable expression of turboGFP (U251-GFP) was kindly
provided by Prof. S. Kumars Laboratory at the University of California, Berkeley. The
U251-GFP cells were cultured in high glucose Dulbecco’s Modified Eagle Medium (Life
Technologies, 11965), supplemented with 10% of fetal bovine serum (JR Scientific), 1%
penicillin/streptomycin (Invitrogen, 15140122), 1 mM sodium pyruvate (Life Technologies,
11360-070), and 1 MEM nonessential amino acids (Life Technologies, 11140050). The cell
line was incubated at 37 °C with 5% CO2. For cell detachment from a tissue-culture flask,
U251-GFP cells were incubated with 0.05% trypsin-EDTA (Gemini, 400-150) at 37°C for 5
min. Detached cells were counted with a hemocytometer and diluted accordingly with ice-
cold 1x PBS. For cell-viability testing, 1 mg/mL propidium iodide (P1304MP) was diluted
1:100 with cells in 1x PBS. The SEM cell line, a B cell precursor leukemia, was generously
received from Prof. R. Stams Laboratory at the Erasmus University Rotterdam via Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ).

The SEM cells were cultured in RPMI 1640 medium (ThermoFisher Scientific, 11875093)
with 10% fetal bovine serum (JR Scientific) and 1% penicillin/streptomycin (Invitrogen,
15140122). The SEM cell line was maintained in a humidified 37 °C incubator with 5%
CO2. For nucleic acid staining, SEM cells were incubated with 1 µg/mL Hoechst 33342
(ThermoFisher Scientific, H3570) for 10 min. The excess stain was removed by centrifuging
the cells at 450 xg for 5 min and aspirating the supernatant. FITC-labeled, 15-µm diameter
polystyrene microbeads (Invitrogen, F21010) were used to measure particle drift velocities
at different rotational speeds. Before introducing into the lab-on-a-disc device, microbeads
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were diluted in 1x PBS and vortexed thoroughly.

Cell Loading Simulation

We simulated the cell loading in a 2D environment using COMSOL Multiphysics version
5.0 (COMSOL Inc.). The device geometry was drawn in AutoCAD (Autodesk, Inc.) and
exported to COMSOL. Laminar flow and particle tracing fluid flow physics modules were
used. In the fluid flow physics module, material properties of water (density ρof 0.995 g/ml,
dynamic viscosity µof 8.90 x 10-4 Pa s), no-slip wall boundary conditions, and an average
inlet velocity of 0.006 m/s were implemented. In the particle tracing module, one hundred
30-µm particles with a density of 1.050 g/ml were added with a drag force. The drag force
was calculated from the fluid flow physics module.

scWestern

Microwells were spaced 160 µm apart and configured with the 1.5 mm gel for scWestern. The
microwell post area was increased from 700 µm 2 to 3100 µm 2, while maintaining the post
height at 40 µm. Also, the microwells were modified from a circular to trapezoidal geometry
to increase the microwell area.

After centrifugation, the polyester lid was removed. The device was cut in half for concur-
rent chemical lysis and electrophoresis in scWestern. To dice the slide in half, we used a laser
cutter (H-Series Desktop CO2 Laser, Full Spectrum Laser). 1% SDS (Sigma, L3771), 0.1%
v/v Triton X-100 (Sigma, X100), 0.25% sodium deoxycholate (Sigma, D6750), 12.5 mM Tris,
and 96 mM glycine (Bio-Rad, 161-0734) were combined to make a Radioimmunoprecipitation-
like (RIPA-like) buffer. 10 ml of the RIPA-like buffer was slowly poured over the device for
25 s. Then, an electrical field of 40 V/cm was applied across the slide to electrophorese
proteins for 25 s. Immediately after the protein electrophoresis, we exposed the slide to
UV at 100% power for 45 s (Hamamatsu, Lightningcure LC5) to immobilize proteins. The
slide was washed with 1x TBS with Tween 20 (TBST, Affymetrix, 77500) before antibody
probing. Primary and secondary antibodies were diluted with 1x TBST with 2% BSA. At
room temperature, 0.1 g/l of primary antibodies and 0.05 g/l of secondary antibodies were
used to probe the slide for 2 h. Between and after each probing step, 1x TBST was used as a
washing buffer. Then, the slide was dried and imaged under a fluorescence microarray scan-
ner (Genepix, 4300A). A half-slide seats stably on the four-pin mount located in the sample
chamber of the imaging instrument. For Genepix laser settings, PMT gain was set at 500,
power at 50%, and focus position at 10 µm for all fluorescence channels. The slide was held in
place by four prongs inside Genepix. Primary GAPDH, β-Tubulin, turboGFP, STAT3, and
H3K79me2 antibodies were purchased from Sigma (SAB2500450), Abcam (ab6046), Pierce
(PA5-22688), Cell Signalling (9139), and Abcam (ab3594), respectively. Anti-goat antibody
with Alexa Fluor 555 (ThermoFisher, A-21432), anti-mouse antibody with Alexa Fluor 594
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(A-11032), and anti-rabbit antibody conjugated with Alexa Fluor 647 (A-21245) were used
as secondary antibodies.

Image Acquisition

An inverted microscope (Olympus IX71) equipped with a motorized stage (Applied Scientific
Instrumentation, MS-2000) and an X-cite mercury light lamp source (Lumen Dynamic)
imaged cells. 10x-objective brightfield and fluorescence images were taken with the iXon+
EMCCD camera (Andor Technology Ltd.) and stitched together with Metamorph software
(Molecular Devices). Standard FITC/GFP and DAPI filter cubes were used to detect U251-
GFP and DAPI-stained SEM cells, respectively.

Image Analysis and Quantitation

All images were analysed by ImageJ 1.49v (NIH). Cell diameters were estimated by adjusting
image threshold and using the built-in ImageJ particle analyser command. In scWestern,
protein peaks were quantified by performing Gaussian fitting with an R-squared value > 0.7.
Fluorescence intensity was obtained by summing the area under curve (AUC). The AUC and
separation resolution were calculated by using our in-house MATLAB (R2015b) code [15].
Statistical analyses were performed using EXCEL and existing MATLAB functions.

2.3 Results and Discussion

Integrating Centrifugal Cell handling with scWestern Analysis

We designed a microfluidic lab-on-a-disc device that integrates our scWestern with a new
bulk approach to handle sparse, heterogeneous cell samples (Figure 2.2A). We sought to
minimize cell loss during device operation and analysis of the sparse starting populations of
cells. The analytical module comprises an array of microwells directly molded into a photo-
active polyacrylamide gel layered onto a glass microscope slide. The scWestern blot isolates
a single cell in a microwell, chemically lyses in-situ, and injects the lysate electrophoretically
through the microwell walls and into the molecular sieving matrix (Figure 2.2B, Figure
2.3). After the completion of electrophoresis, the proteins are covalently immobilized onto
the hydrogel (photo-immobilization) and probed with a series of antibodies to report protein
target identity.

The integrated cell handling module consists of two chambers, flanked by an array of 100
microwells, with an inlet at the axis of rotation (Figure ??A). As described, the microwells
isolate cells for subsequent scWestern. To localize cells to the microwells, we use a two-
layer polyacrylamide gel with microwells molded into the bottom layer and U-shaped cell
trapping dams located above and around each microwell. Cell trapping dams have been used
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Figure 2.2: Lab-on-a-disc couples the handling of sparse cell samples with single-cell western
blotting (scWestern). The microfluidic design (A) and device (B) consists of two chambers
with dams and arrays of microwells that are built by patterning a polyacrylamide gel on a
microscope glass slide, sandwiched with a polyester lid. After an injection of 1 — 20 µl of cells
via an inlet, the device is centrifuged on an upright spinner. In a rotation frame of reference,
the centrifugal force leads to migration of the cells towards the microwells. Subsequently,
gravity sediments the cells into the microwells. Finally, the patterned polyacrylamide gel
with single cells is used as a medium for scWestern. Scale bar left, 1 cm. Scale bars middle
and right, 100 µm.

to physically trap single cells under a pressure-driven flow or centrifugation [16, 17]. Here, we
develop a two-layer fabrication process using the same hydrogel material that is used for the
electrophoresis and immunoprobing steps of the scWestern (Figure 2.3). Then, the lab-on-
a-disc device is placed in the spin coater (SoftLithoBox; Elveflow) for centrifugation. Once
centrifugation drives cells into the U-shaped dams on the periphery of the fluidic chamber,
each cell then gravity settles into the microwell directly below. To create fully enclosed fluidic
chambers, the device is capped with a layer of transparent polyester film (GelBond). Once
cells are seated in the microwells, this lid layer is removed, and the lysis buffer is applied to
initiate the analytical stage of the assay (Figure 2.2, Figure 2.3).
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Figure 2.3: Schematic workflow of the lab-on-a-disc handling and scWestern blotting. 1:
Centrifugal force and dams place single cells to microwells. Subsequently, cells settle in
microwells by gravity. 2: After opening the polyester lid and cutting the device in half, a
chemical lysis and electrophoretic buffer is poured in the device. Steps 3 — 5 entail scWestern
blotting. 3: An electric field (40 V/cm) is applied for protein separation. 4: UV is applied to
activate benzophenone moieties, incorporated in the gel, for protein capture. 5: Fluorescent
antibodies are introduced to probe for target proteins.

Characterization of a lab-on-a-disc design for cell handling

By using a lab-on-a-disc approach to localize cells to the microwells flanking the fluidic
chambers, we sought to understand three operational aspects of the device and centrifugation
scheme: (i) cell drift velocities across the fluidic chambers, (ii) suitable centrifugation forces
for moving cells to the microwell array, and (iii) final uniformity of the cell distribution along
the linear microwell array. First, we estimate the drag force expected on a cell migrating in
the fluidic chamber under centrifugation. With our device design and a rotational velocity
of a 5000 RPM (980 xg), the Reynolds number is <<1, so Stokes Law is applied. Although
cells do not reach terminal velocities during centrifugation, the radial drift velocity across
the chamber is relatively constant and allowed estimates of suitable operating conditions.
We calculate and also measure the drift velocities of FITC-labelled polystyrene microbeads
(15 µm, 1.06 g/cm 3) under various RPMs and found appreciable agreement between theory
and experiment (Figure 2.4A).

Second, we investigate suitable centrifugal conditions for directing mammalian cells to
microwells. After 2 min of operation at 2000 RPM (157 xg), 82% of the 15-µm polystyrene
microbeads (n = 3 chambers) and 90% of human glioblastoma cells (U251-GFP, 30-µm
diameter, n = 5 chambers) are localized to the microwell array (Figure 2.4B, C). Under
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Figure 2.4: Characterization of particle drift velocities as a function of rotational velocity.
(A) A plot of theoretical and experimental drift velocities. Based on forces acting on a
15-µm, FITC microbead in a rotational reference frame, drift velocities are calculated to es-
timate particle velocity. By injecting 3~5 microbeads into the device, microbeads are imaged
before and after centrifugation to measure distance and calculate velocities. Theoretical and
experimental data follow a similar behavior. (B, C) Measurement of trapping efficiencies
and false-color epifluorescence micrographs of microbeads and U251-GFP cells. Centrifugal
effect is tested by using FITC microbeads and a U251-GFP cell line. Rotating at 2000 RPM
for 2 min, more than 80% of microbeads and U251-GFP cells migrate to microwells. Scale
bars, 100 µm.

higher rotational speeds, we observe appreciable cell lysis (e.g., 3000 RPM; 353 xg; 4.15 nN
of centrifugal force; Figure 1.5). Cell lysis under these conditions might be attributable to
shear forces, as notable cell lysis had been observed under ~1.4 nN of shear force [35]. Cells
may be more susceptible to lysis by shear forces than by compressive forces [35, 36]. We
further investigated cell viability under the suitable 2000 RPM conditions and observed no
dead cells by propidium iodide (PI) stain (Figure 2.5) as well as no visible changes in cell
morphology after centrifugation.

Third, we sought to numerically and empirically assess the cell distribution in the fluidic
chamber. In a first aspect, we consider a system where capillary flow is utilized for sample
introduction into the fluidic chamber. Through the inlet, we applied a microbead suspen-
sion (1 - 20 µl of 1x PBS solution) and generated a capillary force by applying a task wipe
at the chamber outlet for 1 s (Figure 2.6). Both the COMSOL simulation and empirical
results for 15-µm microbeads demonstrated capillary flow as a feasible and passive means
to introduce cells across the chamber width (Figure 2.6A). In the experimental study, we
observed a similar distribution of cells except with a higher concentration of microbeads
near the top wall of the chamber, possibly due to a backflow generated by pressing the task
wipe on the outlet port. In a second aspect, after loading and centrifuging the cells (2 min,
2000 RPM), we assessed the final distribution of cells across the flanking microwell array.
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Figure 2.5: Effect of centrifugation on cells is examined at different rotational speeds. (A)
Centrifugation at 3000 rpm for 5 min results in a mechanical lysis of U251-GFP cells. Re-
leased from cells, GFP protein streaks are observed in polyacrylamide gel. (B) U251-GFP
cells are stained with propidium iodide and centrifuged in our device at 2000 rpm for 2 min.
Absence of red fluorescence due to the propidium iodide inside the settled cells indicates
that cells are viable after centrifugation.

We determined that glioblastoma cells (U251-GFP) settled uniformly across the length of
the linear microwell array (Pearsons chi-squared statistic test; 8 devices, 569 cells; Figure
2.6B). A cell-occupancy likelihood is calculated by enumerating cells in each microwell via
microscopy, across 8 replicate runs. For a uniform distribution with 569 cells, the expected
value for cell-occupancy likelihood for each microwell is 5.69. The chi-squared value, cal-
culated here from 8 devices, is 95.5 which is less than the critical value 120. The analysis
suggests that no significant difference exists between the experimental data and a random
distribution of cells (95% CI).

Analysis of single-cell settling and cell losses in lab-on-a-disc cell
handling

For scWestern, the cell occupancy of each microwell (i.e., number of cells seated in each
microwell) has to be one. To characterize the effectiveness of the lab-on-a-disc design for
manipulating — and then analysing — individual cells, we first assessed the number of mi-
crowells containing individual cells at the end of the preparatory stage. After applying 100
U251-GFP cells and completing the centrifugation based handling (2 min, 2000 RPM), we
observed 84% of trapezoidal microwells (n = 8 devices) contained single cells after centrifu-
gation (Figure 2.7). When microwell occupancy exceeded unity, visual inspection suggested
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Figure 2.6: Cell loading by capillary force results in a uniform cell distribution across the
array of microwells. (A) False-color epifluorescence micrographs of U251-GFP cells during
cell loading. Particle tracing simulations show capillary force-based introduction of cells
into the fluidic chamber results in uniformly dispersed cells, corroborating empirical results.
(B) A plot of cell-occupancy likelihood across the array of microwells. After cell loading,
centrifugation is applied for 2 min at 2000 RPM. In 8 replicates with 569 cells, cell-occupancy
likelihood is calculated for each microwell. Based on Pearsons chi-squared statistic test,
the distribution of cells settled into the microwells does not differ from the anticipated
distribution of cells settled randomly without any bias (95% CI). Scale bar, 100 µm.

that cell clumping in the initial suspension was a factor. Next, cell losses during handling
were characterized for biospecimens comprised of small numbers of cells. We assessed cell
losses for starting populations at and then below 100 cells. To benchmark suitability of the
lab-on-a-disc preparatory module, we compared cell losses with a gold-standard of passive-
gravity sedimentation into a 2D array of microwells per our previous planar scWestern blot,
which was not optimized for handling sparse cell suspensions [13]. Benchmarking with a
sample of sparse cells on the 2D microwell array yielded < 5% single-cell occupancy rate
(20 µl of 100 U251-GFP cells; Figure 2.7C), with the vast majority of microwells contain-
ing no cells. Cell losses exceeded 95% of the starting population owing to just 1.1% of the
device surface area occupied by the microwells. Additionally, the 20-µl cell suspension was
evaporated during the first 5 min of the 20-min duration allotted for cell sedimentation.

In contrast, using the integrated lab-on-a-disc cell handling and chamber-flanking mi-
crowell array, we observed >70% of cells settled into microwells, even with the starting cell
population below 100 cells (Figure 2.7B, n = 4 devices for each case). Single-cell occu-
pancy rates were in the 70% range. The 30% cell loss in our device originated from three
processes: cell loading, centrifugation, and lid removal (Figure 1.8). During the cell loading,
7.5% of the total number of cells remained at the cell loading areas (Figure 2.8, n = 5
chambers). Pinched between the gel layer and the polyester lid, the cells were caught at
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Figure 2.7: Lab-on-a-disc handling enhances single-cell microwell occupancy from sparse
cell samples. (A) The cell occupancy of each microwell is determined by combined bright-
field and fluorescence inspection. Representative micrographs show 10x-objective fluores-
cence/brightfield images (100 ms exposure time) of the microwell region just prior to scWest-
ern. (Top) Image of a single cell seated in a microwell and (bottom) image of multiple cells
seated in a microwell. Using similar micrographs, we exclude scWestern endpoint protein
readouts from microwells housing multiple cells. (B) With less than 100 starting cells, over
80% of microwells are occupied with single cells in the lab-on-a-disc device, as compared to
3% of microwells in the 2D microwell array device with gravity settling [13, 15](n = 4 slides
for each case, error bars represent standard deviation). (C) The 2D microwell-array scWest-
ern blotting with passive-gravity settling contains < 4% of microwells filled with single cells
and follows the Poissons distribution with 100 cells (n = 4 slides for each case, λ= 0.002 for
circular, 0.01 for trapezoidal).

the inlet and outlet boundaries during capillary loading and centrifugation (Figure 2.8A).
During centrifugation, 1.2% of the injected cells travelled to the side walls of the chambers,
rather than being directed to microwells (Figure 2.8A, n = 5 chambers). Lastly, the major
cell loss took place during lid removal prior to the application of lysis buffer (Figure 2.8B,
n = 6 chambers). Despite dams localizing cells above microwells during centrifugation, cells
that were not settled in microwells were washed away. The trapezoidal microwell geometry
increases the chances that a cell will sediment into a microwell after being trapped at a dam
feature. As compared to a circular microwell, the trapezoidal microwell enhances the dam
proximal microwell area by conforming to the dam footprint more closely than is possible
with a circular geometry. In comparison to circular microwells, the trapezoidal microwells
reduced the cell loss from 44% to 17% (Figure 2.8B).

Having established the operational parameters for integrating the lab-on-a-disc prepara-
tory module with the scWestern, we sought to explore a novel aspect of the device physics: to
operate the centrifugal cell preparation module in a filtering-like mode based on differences
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Figure 2.8: Cell losses are characterized during lab-on-a-disc handling and minimized by
matching the microwell and dam geometries. (A) Epifluorescence micrographs of U251-
GFP cells in cell loading areas and side walls of the chamber. Cell losses are from (i) cell
loading, where 7.5% of total cells are immobilized at the inlet and the outlet borders, (ii)
centrifugation, in which 1.2% of the loaded cells migrate to side walls of the chambers (n
= 5 chambers for each case). Scale bar bottom, 500 µm. Scale bar top right, 100 µm.
(B) Epifluorescence micrographs of cells in microwells before and after lid removal. 44% of
total cells are partially settled in circular microwells and subsequently dislodged during lid
removal for buffer exchange (n = 6 chambers). Increasing the microwell area from 710 mm2

to 3200 mm2 and modifying to a trapezoidal shape reduced the cell loss to 16.9% of total
cells (n = 6 chambers). (C) Overall, 47.2% and 75.2% of total cells are settled in circular
and trapezoidal microwells before scWestern, respectively.

in drift velocity. The time-of-flight to microwell varies among cells with different diameters
because the drift velocity is proportional to the square of the cell diameter (Equations 2.1
– 2.3, Figure 2.9A):

Udrift =
dx

dt
=
xω2(ρcell − ρliq)d2

cell

18µ
(2.1)

r2∫
r1

dx
18µ
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0

dt (2.2)

t1 =
18µ
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ln(
r2

r1
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Udrift = cell drift velocity, µ= dynamic viscosity, ω= rotational velocity, r1 = 0.023 m, r2

= 0.033 m, ρliq = density of 1x PBS (0.995 g/ml), SEM cell diameter (dcell = ~ 6 µm) and
density (ρcell = 1.1 g/ml), U251-GFP cell diameter (dcell = ~30 µm) and density (ρcell = 1.05
g/ml).
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To address this question, we considered a 3:1 mixed population comprised of two cell
types: small DAPI-stained cells from a mouse leukocyte cell line (SEM, ~6 µm diameter;
= 1.1 g/ml [37, 38]) and large GFP cells from a glioblastoma cell line (U251-GFP, ~30 µm
diameter, = 1.05 g/ml [37]). The larger U251-GFP cells were anticipated to have a higher
drift velocity than the SEM cells, giving the U251-GFP cells a shorter time-of-flight to the
microwell array (Figure 2.9B). Based on calculations with cell densities and diameters, we
centrifuged our platform for 2 min at 1000 RPM to preferentially bias settling of the U251-
GFP cells in the microwells, with smaller SEM cells confined closer to the fluid inlet (Figure
2.9A-C). With DAPI and GFP fluorescence channels, a visual inspection of microwells after
the lid removal indicates that more than 60% of the shorter time-of-flight U251-GFP cells
were settled in microwells, while < 5% of the longer time-of-flight SEM cells were settled
into the microwells (Figure 2.9C, n = 5 chambers). The scWestern reports that microwells
housing U251-GFP cells are devoid of SEM cells (Figure 2.9D).
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Figure 2.9: Size filtration of leukocyte (SEM) cells from glioblastoma (U251- GFP) by adjust-
ing cell time-of-flight during centrifugation. About 400 SEM cells are spiked into a solution
of 100 U251-GFP cells. (A) Time-of-flight for size filtration of SEM cells from U251-GFP
cells is calculated by integrating cell drift velocities with respect to radial distance and time.
(B) False color epifluorescence micrographs of U251-GFP (green) and SEM (red) cells at
different centrifugation time points. When the solution is loaded, both U251-GFP and SEM
cells are located near each other in the chamber. Due to a size difference between U251-GFP
and SEM cells, U251-GFP cells have a shorter time-of-flight to microwells than SEM cells
during centrifugation. At 1000 RPM for 30 s, more than 30% of U251-GFP cells are already
placed in microwells. After centrifuging for 1 min at 1000 RPM, a majority of U251-GFP
cells are in microwells, while a majority of SEM cells do not reach microwells. Scale bar, 500
µm. (C) After centrifuging for 2 min at 1000 RPM, 58.4% of U251-GFP cells (n = 5, green)
are selectively settled in microwells, while 6.4% of SEM cells (n = 5, blue, nucleus stained)
are present in microwells. Scale bar, 100 µm. (D) scWesterns after sized-based separation of
smaller SEM cells from larger U251-GFP cells. SEM only: micrograph from an scWestern
of an SEM cell shows a positive peak for the 17 kDa H3K79me2 protein, a leukemia-specific
protein. Micrograph of a scWestern blot for preferential cell seating of U251-GFP cells into
microwells, using size-based separation of SEM cells from larger U251-GFP cells. scWestern
reports the presence of U251-GFP cells only, as the H3K79me2 protein peak is absent. Scale
bar is 500 µm.

Multiplexed protein analysis from sparse cell samples

Lastly, we applied the integrated preparatory and scWestern modules to multiplexed analysis
of the proteins GFP (27 kDa), GAPDH (37 kDa), β-TUB (51 kDa), STAT3 (85 kDa) from
individual glioblastoma (U251-GFP) cells (Figure 2.10). STAT3 is a transcription factor
important in cell proliferation and tumor survival in glioblastoma [39–41]. The total duration
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for cell handling was 2 min, with a total cell loss estimated at 25.3%. Seated U251-GFP
cells had a mean diameter of 27.97 µm with a 9.2 µm range (IQR) (Figure 2.10A). The
sparse starting sample consisted of 24 cells per a 15 µl suspension. Due to a poor sensitivity
of total protein staining (>1 ng)[42, 43], separation resolutions are calculated by analyzing
fluorescence peaks of STAT3, GAPDH, β-TUB, and GFP. Across 14 cells, the 1.5-mm long
protein separation axis resolved all proteins with separation resolution exceeding baseline
resolution (Figure 2.10B, Table 2.1). Within the same device, other proteins of interest (up
to ~11 targets) can be detected by chemically stripping the gel and reprobing [14, 15].
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Figure 2.10: Lab-on-a-disc scWestern analysis of 14 single cells from a sparse, 24-cell biospec-
imen. (A) A box-and-whisker plot shows cellsize distribution of U251-GFP cells settled in
microwells. (B) A falsecolor overlay of fluorescence micrographs from GFP (green), β-TUB
(blue), GADPH (red), STAT3 (black) proteins with fluorescence intensity profile plots. (C)
Box-and-whisker plots of STAT3, GFP, β-TUB, and GAPDH distributions are obtained from
an area-under-the-curve analysis. Box ends represent 25th and 75th percentiles; IQR is the
difference between the 25th and 75th percentiles; median value is the red line at box middle;
whiskers spread to 95% confidence limits; and red dots indicate outliers. Scale bar, 500 µm.

To analyze protein distributions, fluorescence peak intensities (AUC) with a signal-to-
noise ratio > 3 were measured after background subtraction (Figure 2.10C). Compared
with the planar 2D-array scWestern blot [13], mean peak intensities of GFP, GAPDH, and
β-TUB in our lab-on-a-disc device had no significance difference (Figure 2.10C, Figure 2.11).
Based on a lower limit of detection (LOD) reported from the 2D-array scWestern blot, the
lab-on-a-disc is estimated to have LOD of 45 zeptomoles (27,000 molecules). In the lab-on-
a-disc device, a non-uniform background fluorescence signal was observed near microwells
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GFP
& GAPDH

GFP
& β-TUB

GFP
& STAT3

GAPDH
& β-TUB

GAPDH
& STAT3

β-TUB
& STAT3

Mean 2.38 3.02 5.68 1.52 5.66 3.67
STDEV 1.42 1.63 3.33 0.49 3.28 2.05

Table 2.1: Separation resolutions between each protein peak from the lab-on-a-disc scWestern
device.

(Figure 2.10B). Gel thickness measurements suggest that a thicker gel region exists near
the microwells (as compared to in the separation axis). We hypothesize that this thicker gel
leads to preferential trapping of fluorescently labeled antibody probes near the microwells
during immunoblotting (Figure 2.12). We are exploring design modifications to reduce gel
thickness non-uniformity in this region. Nevertheless, the assay described here provides an
analytical sensitivity suitable for an estimated > 50% of the mammalian proteome, with the
LOD sufficiently sensitive for a median protein abundance of 27,000 molecules per cell [15,
44]. MAPK/ERK and apoptosis pathway proteins have been detected using a scWestern
conducted using a planar 2D microwell array form factor [13, 14].
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Figure 2.11: GFP, β-TUB, and GAPDH peak intensities from U251-GFP cells are compared
between the lab-on-a-disc and the 2D microwell array (with gravity settling) scWesterns.
The lab-on-a-disc and the 2D microwell-array scWesterns have no significant difference in
fluorescence-intensity boxplots of GFP, β-TUB, and GAPDH. Blue box ends indicate 25th
and 75th percentiles; median value is the red line at box middle; whiskers spread to 95%
confidence limits; and red dots indicate outliers. (MannWhitney U-test, p-value of GFP =
0.54, p-value of β-TUB = 0.90, p-value of GAPDH = 0.65)
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Figure 2.12: Measurement of gel thickness for a lab-on-a-disc device indicates an uneven
thickness (height) for a dried gel near the microwell array. (A) A surface profile of the
dried polyacrylamide gel device reports a thicker gel near the microwell region, as compared
to further along the separation axis. (B) A surface profile of the complement SU-8 mold
suggests that the dehydration process used prior to antibody probing could be a source of
the gel height non-uniformity [45, 46].

. Surfaces are profiled using Sloan Dektak 3030.

2.4 Conclusion

We report on a multi-step yet integrated assay designed to extend high-specificity protein
cytometry to low density (sparse) cell suspensions including dissociated biopsies. Based on
operation with workhorse centrifuges, we designed a lab-on-a-disc device that integrates low
loss cell handling with subsequent single-cell western blotting. Key design contributions
include development of a two-layer soft lithography process for molding of polyacrylamide
gel, the molecular sieving matrix required for protein electrophoresis.

After characterizing device and assay operation by identifying suitable operational pa-
rameters for sparse cell handling and analysis, we utilized the underlying physics of device
operation to demonstrate a ’long-pass filtering mode operation, wherein large cells are pref-
erentially seated into a linear microwell array for subsequent analysis. We view this fraction-
ation based on cell size as having tremendous potential for robust cytology on heterogeneous
dissociated cell populations including from clinical tissues.

To advance non-invasive and cost-effective cancer monitoring efforts, new approaches for
preparing and interpreting sparse cell samples could complement existing measurements.
Automated and rapid analysis of sparingly available cell samples from blood or bodily fluids
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will improve diagnosis and prognosis of cancer [47, 48]. Especially in low-resource settings, a
dearth of on-site cytotechnicians and cytopathologists has been reported to delay cell prepa-
ration and tumor grading for months after fine-needle biopsy collection in developing coun-
tries [48, 49]. Robust, integrated tools could also pave the way for the digital transmission
of cytology imaging data from distributed settings [48, 49] to well-resourced clinical centers,
which could be a step towards alleviating cytopathology bottlenecks already prevalent in
less-resourced settings [48, 50, 51].
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35. Ludwig, A., Kretzmer, G. & Schügerl, K. Determination of a ”critical shear stress
level” applied to adherent mammalian cells. Enzyme and Microbial Technology. issn:
01410229. doi:10.1016/0141-0229(92)90068-Y (1992).

36. Van Loon, J. J. et al. Inertial shear forces and the use of centrifuges in gravity research.
What is the proper control? Journal of biomechanical engineering. issn: 01480731.
doi:10.1115/1.1574521 (2003).

37. Durmus, N. G. et al. Magnetic levitation of single cells. Proceedings of the National
Academy of Sciences. issn: 0027-8424. doi:10.1073/pnas.1509250112 (2015).

38. Zipursky, A et al. Leukocyte density and volume in normal subjects and in patients
with acute lymphoblastic leukemia. Blood. issn: 0006-4971 (1976).

39. Luwor, R. B., Stylli, S. S. & Kaye, A. H. The role of Stat3 in glioblastoma multiforme
2013. doi:10.1016/j.jocn.2013.03.006.



BIBLIOGRAPHY 37

40. Mukthavaram, R. et al. Effect of the JAK2/STAT3 inhibitor SAR317461 on human
glioblastoma tumorspheres. Journal of translational medicine 13, 269. issn: 1479-5876
(2015).

41. Sherry, M. M. et al. STAT3 is required for proliferation and maintenance of multipo-
tency in glioblastoma stem cells. Stem Cells. issn: 10665099. doi:10.1002/stem.185
(2009).

42. Butt, R. H. & Coorssen, J. R. Coomassie Blue as a Near-infrared Fluorescent Stain:
A Systematic Comparison With Sypro Ruby for In-gel Protein Detection. Molecular &
Cellular Proteomics. issn: 1535-9476. doi:10.1074/mcp.M112.021881 (2013).

43. Neuhoff, V. et al. Improved staining of proteins in polyacrylamide gels including iso-
electric focusing gels with clear background at nanogram sensitivity using Coomassie
Brilliant Blue G???250 and R???250. ELECTROPHORESIS. issn: 15222683. doi:10.
1002/elps.1150090603 (1988).

44. Li, J. J., Bickel, P. J. & Biggin, M. D. System wide analyses have underestimated protein
abundances and the importance of transcription in mammals. PeerJ. issn: 2167-8359.
doi:10.7717/peerj.270. arXiv: 1212.0587 (2014).

45. Kudo, K et al. Structural changes of water in poly(vinyl alcohol) hydrogel during de-
hydration. The Journal of chemical physics. doi:10.1063/1.4862996 (2014).

46. Vlassakis, J. & Herr, A. E. Joule Heating-Induced Dispersion in Open Microfluidic
Electrophoretic Cytometry. Analytical Chemistry 89, 12787–12796. issn: 0003-2700
(2017).

47. Stott, S. L. et al. Isolation of circulating tumor cells using a microvortex-generating
herringbone-chip. Proceedings of the National Academy of Sciences. issn: 0027-8424.
doi:10.1073/pnas.1012539107. arXiv: arXiv:1604.05974v2 (2010).

48. Guggisberg, K., Okorie, C. & Khalil, M. Cytopathology including fine-needle aspiration
in sub-saharan Africa: A cameroon experience in Archives of Pathology and Laboratory
Medicine (2011). isbn: 0003-9985. doi:10.1043/1543-2165-135.2.200.

49. Shetty, M. K. & Longatto-Filho, A. Early detection of breast, cervical, ovarian and
endometrial cancers in low resource countries: an integrated approach. Indian journal
of surgical oncology 2, 165–71. issn: 0976-6952 (2011).

50. Allison, K. H. et al. Understanding diagnostic variability in breast pathology: Lessons
learned from an expert consensus review panel. Histopathology. issn: 13652559. doi:10.
1111/his.12387. arXiv: 15334406 (2014).

51. Chandanwale, S. et al. Pattern of palpable breast lesions on fine needle aspiration: A
retrospective analysis of 902 cases. Journal of Mid-life Health. issn: 0976-7800. doi:10.
4103/0976-7800.145164 (2014).



38

Chapter 3

Microparticle delivery of protein
markers for single-cell western
blotting from microwells

Materials reproduced from: J.J. Kim*, P.Y. Chan*, J. Vlassakis, A. Geldert, and A.E.
Herr, Single-cell immunoblotting benefits from a protein ladder delivered to each cell-laden
microwell via magnetic microparticles, 2018

3.1 Introduction

Single-cell analysis tools report biomolecular heterogeneity that drives processes from immune-
cell response to cancer progression [1–4], molecular standards are essential [5, 6]. In single-cell
sequencing, synthetic spike-ins and unique molecular identifiers (e.g., short-random DNA se-
quence) directly measure error rates, analytical sensitivity, and biases stemming from sample
preparation [7–9]. To calibrate flow cytometry lasers before cell sorting, fluorescent micropar-
ticles are used [10, 11]. In microfluidic protein assays (e.g., single-cell barcode assay), esti-
mates of technical variation are inferred from multiple measurements of the same single-cell
lysate [11].

Separations more generally also benefit from inclusion of standards, including capillary
and microchannel electrophoresis formats [12–15]. In conventional slab-gel protein elec-
trophoresis, the first or last separation lanes of the slab gel are typically employed for con-
current analysis of the protein ladder [16–19]. Comprised of standard protein molecules with
known molecular sizes or isoelectric points, the protein ladder components serve as reference
markers to compare physicochemical properties with unknown proteins of interest and ensure
complete protein transfer to an immunoblotting membrane from the slab gel [20–23].Thus,
the protein ladder is an essential quantitative tool to measure protein separation distance
and estimate protein molecular sizes.
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To isolate and analyze intact cells, arrays of microwells on a planar substrate have found
utility [24–26]. Microwell arrays also allow concurrent analysis of cell lysate, from hundreds
to thousands of cells [23, 24]. To assess cellular and proteoform heterogeneity in individual
dissociated cells including circulating tumor and breast cancer cells [5, 27–31] — we have
adopted the microwell array for cell isolation for chemical lysis, followed by polyacrylamide
gel electrophoresis (PAGE) of each lysate in the surrounding polyacrylamide gel. After
PAGE, the gel is also used for protein blotting (immobilization) and to support probing with
immunoreagents. Thus, single-cell immunoblotting reports the presence or absence of each
protein target (e.g., truncated isoforms [31]). For the microfluidic single-cell immunoblot,
we design a solid phase protein ladder such that the ladder is suitable for (i) loading into the
microwell array and (ii) solubilization concurrent with chemical lysis of each cell (e.g., <30
s). The standard proteins are packaged in rapid-release delivery vehicles for simultaneous
PAGE of the protein ladder mixture and endogenous cellular protein targets.

Designs and methods for developing microscale carriers for proteins have been studied
considerably for applications ranging from protein purification to drug delivery [3, 32–35].
One class of controlled protein delivery utilizes polymer hydrogels [34, 35]. Largely designed
for tissue repair and targeted therapy to tumors, the polymer hydrogel packages proteins
inside a matrix and serves as a scaffold for a sustained protein release, typically lasting
up to several days [32, 33]. In another class of protein carriers, proteins are encapsulated
in liposomes [36, 37]. Ranging from nano- to micro-scales, the liposomes are composed of
phospholipid bilayers that are capable of carrying hydrophilic and hydrophobic molecules.
Despite the ideal molecular compositions of the bilayers that match a cell membrane, lipo-
somes have inherent instability in in-vitro handling (i.e. protein leakage due to unsaturated
hydrocarbon chains) and non-uniformity in size that are challenging to integrate with the
single-cell immunoblot [38].

For robust integration with the single-cell immunoblotting workflow, we investigate the
use of Nickel(Ni2+)-coated microparticles as carriers of fluorescent protein standards. Here,
we investigate the microparticles for quantized delivery and controlled release of fluorescent
protein ladder components. Because the microparticles are similar in size to mammalian
cells (~10 µm), application of an external magnetic field is feasible for directed loading of
microparticles into cell-laden microwells [39–41]. Critically, the microparticles are coated
with Ni2+, thereby supporting reversible binding of histidine(His)-tagged proteins as protein
ladder components [39, 42]. In designing and developing the microparticles for protein ladder
delivery, we characterize protein release kinetics and optimize the cell lysis buffer system to
also initiate solubilization of the protein ladder for subsequent injection into single-cell PAGE
lanes. Sizing of endogenous protein targets from each cell is observed to be accurate (<20%
of molecular mass error), with the robust integration of a co-migrating protein ladder.
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3.2 Materials and Methods

Chemicals/Reagents

Acrylamide/bis-acrylamide 40% (wt/wt) solution (A7802), N, N, N’, N’-tetramethylethylen-
ediamine (TEMED, T9281), ammonium persulfate (APS, A3678), sodium deoxycholate
(D6750), β-Mercaptoethanol (M3148), imidazole (792527), and sodium dodecyl sulfate (SDS,
L3771), were obtained from Sigma-Aldrich. Triton X-100 was purchased from Fisher Sci-
entific (BP-151). 10x Tris/glycine buffer was obtained from Bio-Rad (161-0734). PBS, pH
7.4 was obtained from Gibco (10010-023). Tris-HCl, pH 6.8 was purchased from Teknova
(T1568). PureProteome nickel magnetic microparticles with 10-µm diameter was obtained
from Millipore Sigma (LSKMAGH02). A 6-tube magnetic separation rack was obtained
from New England BioLabs (S1506S). N-[3-[(3-Benzoylphenyl)-formamido]propyl] methacry-
lamide (BPMAC) was custom synthesized by PharmAgra Laboratories. SU-8 developer
(Y020100) and photoresist SU-8 2025 (Y111069) were obtained from MicroChem. Deionized
water (ddH2O, 18.2 mΩ) was obtained using ultrapure water system (Millipore). Unless
stated otherwise, chemicals and reagents were obtained from Sigma Aldrich.

Proteins

Recombinant protein A His Tag (Protein A, ab52953) and recombinant human EpH receptor
B4 protein His Tag (EpH, ab167746) were obtained from Abcam. KDR (VEGFR2) recom-
binant human protein, His Tag (KDR, 10012H08H50), ICAM1 recombinant human protein,
hIgG1-Fc. His Tag (ICAM1, 10346H03H5), and CHI3L1 recombinant mouse protein His
Tag (CHI3L1, 50929M08H50) were purchased from ThermoFisher Scientific. Unless stated
otherwise, His tag proteins were fluorescently labelled using Alexa Fluor 647 NHS ester suc-
cinimidyl ester (Life Technologies, A20006). Fluorescently labelled His tag proteins were
purified using dye removal columns (ThermoFisher Scientific, 22858) according to the man-
ufacturer protocol. Details of the recombinant proteins used for protein ladder components
are listed in Table 3.1.

Primary antibodies to recognize endogenous proteins include rabbit anti-β-tubulin (ab6046,
Abcam), goat anti-GAPDH (SAB2500450, Sigma), mouse anti-cytokeratin 8 (C5301, Sigma),
rabbit anti-estrogen receptor α(ab16660, Abcam), rabbit anti-STAT3 (79D7, Cell Signal-
ing). For the primary antibody host species, secondary antibodies with Alexa Fluor were
purchased from ThermoFisher Scientific: anti-mouse secondary antibody with Alexa Fluor
555 (A31570), anti-rabbit secondary antibody with Alexa Fluor 488 (A21206), anti-goat
secondary antibody with Alexa Fluor 555 (A21432).
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Protein Species Mw (kDa)
Company (Cata-
log no.)

Recombinant Protein A, His Tag E. coli 39
Abcam
(ab52953)

CHI3L1 recombinant mouse protein, His tag Mouse 42.3
Thermofisher
(50929M08H50)

PDGFRA recombinant human protein
(without catalytic activity), His tag

Human 57.7
Thermofisher
(10556H08H25)

Recombinant human EpH receptor B4 pro-
tein

Human 58
Abcam
(ab167746)

KDR (VEGFR2) Recombinant Human Pro-
tein, His Tag

Human 84.6
ThermoFisher
(10012H08H50)

ICAM1 Recombinant Human Protein,
hIgG1-Fc. His Tag

Human 100
ThermoFisher
(10346H03H25)

Table 3.1: List of proteins carried by nickel-conjugated magnetic microparticles.

Protein Loading on Nickel Microparticles

Magnetic microparticles (5 µl) were equilibrated with buffer (50 mM sodium phosphate,
300 mM sodium chloride, 10 mM imidazole, pH 8). A 500 µl protein solution containing a
mixture of His Tag proteins in 30% (v/v) ethanol/PBS was loaded with the microparticles
and mixed gently for 2 h at 4 °C using a rotator. Un-bound proteins were washed 3 times
using wash buffer (50 mM sodium phosphate, 300 mM sodium chloride, 20 mM imidazole,
pH 8). Residual liquid was separated from the microparticle using a magnetic rack and
removed after each of the above steps. The protein bound microparticles were re-suspended
in 1x PBS.

In order to determine protein release kinetics, 5 µl of microparticles was loaded with 4.1
µg of Protein A. For electrophoretic separations, 5 µl of microparticles was loaded with either
one of two protein mixtures containing: (1) 2 µg of Protein A, or (2) 14.8 µg of CHI3L1,
54.5 µg of EpH, 21.9 µg of KDR, and 7.4 µg of HIgG1-F. The bound His Tag protein was
eluted from the microparticles using lysis/electrophoresis buffer prepared with 0 or 1M of
imidazole, 2.5 g of SDS, 1.25 g of sodium deoxycholate, 500 µl of TritonTM X-100, 25 ml of
10x Tris/glycine buffer and 474.5 ml of ddH2O.

Cell Culture

The MCF-7 breast cancer cell line was purchased from ATCC and maintained in RPMI 1640
(ThermoFisher Scientific) containing 10% fetal bovine serum and 1 penicillin/streptomycine
in a humidified incubator held at 37 °C under 5% CO2. MCF-7 was tested mycoplasma
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negative and authenticated with short tandem repeat analysis.

Fabrication of Single-cell Immunoblot Chip

The master mold comprised a silicon wafer with SU-8 features that was fabricated according
to standard photolithography procedure [28]. Single-cell immunoblot devices containing
an array of microwells (250 µm well-to-well spacing and 1 mm long separation lane) with
feature heights and diameters of 35 µm and 30 µm, respectively, were fabricated by casting
a polyacrylamide gel against the mold [28]. The polyacrylamide gel layer was chemically
polymerized using 7% T, 3.45 %C, 3 mM BPMAC, 0.08% APS and 0.08% TEMED.

Single-cell Immunoblot Buffer Exchange

After settling cells in microwells by gravity, a chemical lysis buffer (0.5X Tris glycine,
0.5% SDS, 0.25% sodium deoxycholate, 0.1%Triton X-100, 1M Imidazole, pH 9.2, 55°C)
was poured into the single-cell immunoblot for 30 s to release protein ladder components
from microparticles and solubilize endogenous proteins from mammalian cells. Then, a 2 s
electrophoresis at 40 V/cm was applied immediately for protein injection. For protein sepa-
ration, an electrophoretic buffer (0.5X Tris glycine, 0.5% SDS, 0.25% sodium deoxycholate,
0.1%Triton X-100, pH 8.7, 22°C) was introduced, followed by immediate electrophoresis at
40 V/cm for 23 s.

Fluorescence Imaging

Protein A bound microparticles were prepared and settled into microwells under a magnetic
field. Fluorescence protein release from the microparticles in the microwells were visual-
ized using an Olympus IX71 inverted fluorescence microscope equipped with ASI motorized
stage, X-cite mercury lamp light source (Lumen Dynamics) and standard Cy5 filter cube
(40x objective). Time-lapse images were captured using an iXon+ EMCCD camera (An-
dor Technology Ltd) controlled by a MetaMorph software (Molecular Devices) with 60 ms
exposure time and 2 s time intervals.

Image Analysis and Quality Control

For the release kinetics measurement, image processing was performed using a Python script
(Anaconda Python 3.5.3). Circular region of interest (ROI) were manually selected via a
Graphical User Interface provided using the cv2 Python package (OpenCV 3.1.0). Image
pixel statistics were estimated using the numpy Python package (numpy 1.13.1). Mean
fluorescence intensity from a ROI covering the whole microparticle was obtained. Background
signal was designated as the mean fluorescence intensity measured from an adjacent empty
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microwell. Each Mean fluorescence intensity of the microwell was background subtracted
and then normalized to the value at the start of the release process (t = 0).

For the single-cell immunoblot analysis, images of proteins were collected by scanning
the single-cell immunoblot devices with a fluorescence microarray scanner (Genepix 4300A,
Molecular Devices). The images were processed by applying a median filter with a 2-pixel
radius and a threshold value of 50 (ImageJ). Quantitation of proteins from the images was
processed by in-house MATLAB (R2016b) scripts [28]. Protein peaks were fitted with Gaus-
sian functions. For quality control, the protein peaks with Gaussian fitting R2 ≥ 0.7 and
SNR >3 were analyzed [28]. From the curve fitting, protein peak width and location were
extracted to determine protein molecular mass from Ferguson analysis [15, 21].

3.3 Results and discussion

To enhance the reproducibility and reliability of single-cell immunoblotting, we design, char-
acterize, and develop a microparticle vehicle for delivery of a 4-component protein ladder to
each of hundreds of concurrent single-cell immunoblots. The single-cell immunoblot assay is
a multi-stage microfluidic assay, which is comprised of 5 steps including cell preparation and
analysis (Figure 3.1): cell settling, microparticle settling, release & lysis, gel electrophoresis
& photocapture, immunoprobing. To design for integration into the single-cell immunoblot
assay, we selected magnetic microparticles as a vehicle to deliver a 4-component protein lad-
der to each of thousands of microwells on the single-cell immunoblot device. Protein ladder
components were labeled a priori with fluorescent dyes. Here, we scrutinize and adapt the
design of the microparticle-based protein sizing ladder in light of the desired performance of
the single-cell immunoblot.

Design of the rapid release protein ladder delivery vehicle

A magnetic microparticle delivery system was selected for delivery of a protein ladder to
each microwell and single-cell PAGE assay. We employed: (i) an applied magnetic field to
actively seat microparticles in microwells (i.e., in contrast to gravity-based particle settling;
Figure 3.2A) and (ii) a flexible coordination chemistry on the microparticle surface for protein
ladder immobilization and triggered solubilization/release (Figure 3.2B). We utilized two
key microparticle characteristics to achieve the desired functionality and performance: (i)
magnetic cores for active microparticle seeding in microwells directed via magnetic field and
(ii) a Ni2+ coating that balances high-yield protein immobilization with rapid protein release
(<30 s).

We first sought to assess the efficiency of a two-step microwell loading process. First,
we seated MCF-7 breast cancer cells in each microwell by applying a suspension of the
cells (~25 µm diameter) onto the polyacrylamide gel housing 1300 microwells. Cells were
allowed to sediment via passive gravity for 10 min (Figure 3.3, Figure 3.1, step 1). Gentle
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Figure 3.1: Schematic of the single-cell immunoblot workflow utilizing microparticles to
introduce protein ladder components (blue peaks) for molecular mass determination of en-
dogenous proteins from cells (orange peaks). The workflow comprises five stages: 1. cell
settling by passive gravity (Fg,z), 2. microparticle settling by applying a magnetic field in
the z-direction (Bz), 3. in-situ protein ladder release and cell lysis, 4. electrophoresis and
photo-activated immobilization of protein ladder components and cellular proteins in the
polyacrylamide gel, 5. in-gel immunoprobing.

washing removed cells that settled onto the surface of the polyacrylamide gel. Next, to
deliver our protein ladder into each cell-laden microwell using the microparticle delivery
vehicle, a solution of microparticles (106 microparticles/ml) was dispensed onto the single-
cell immunoblot device and directed into the microwells using an applied magnetic field for
2 min (Figure 3.1, step 2). The magnet (4 cm diameter x 1.53 cm height) was located
under the 2.5 cm x 3.75 cm device and moved across the device to expose all microwells to
the applied magnetic field. Gentle washing removed microparticles from the surface of the
polyacrylamide gel.

At the completion of the two-stage microwell loading process, we observed via bright-
field microscopy nearly 75% of microwells housing >1 microparticle (n = 3 chips, standard
deviation σ= 4%, Figure 1B). We observed 38.3% of microwells containing a single MCF-7
cell, similar to performance with cell settling alone (Figure 3.2A) [43]. Overall, we observed
35.3% (n = 3 chips, standard deviation σ= 8.1%) of microwells containing both a single cell
and ≥ 1 microparticle.

We next sought to quantitatively assess (i) the Ni2+ chelation for solid phase immobiliza-
tion of protein ladder on the microparticle surface and (ii) the subsequent rapid triggered
solubilization of ladder components into the PAGE separation stage (Figure 3.2B, C). Given
the 30 µm diameter and 35 µm deep microwell design, we opted for 10-µm diameter micropar-
ticles comprised of Ni2+ that bind to His-tagged proteins comprising the protein ladder. We
sought to solubilize and release the protein ladder from the microparticle surface in a pulse
release profile with <30 s duration [28], so as to synchronize with the cell lysis and endoge-
nous protein solubilization dynamics observed in the single-cell immunoblot.
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Figure 3.2: Microparticles deliver protein ladder components for mass sizing in single-cell
immunoblots.(A) Occupancy rates of MCF-7 cells and microparticles in microwells. False-
color micrographs represent microwells with a cell (red, nucleus) and/or microparticles (blue).
Scale bar, 15 µm. Bar graphs depict occupancy rates of cells and microparticles per microwell.
Error bars are standard deviations of n = 3 chips. (B) Schematic illustrates how His-
tagged protein ladder components are bound and released from Ni2+-coated microparticles.
(C) Time-lapse plots of the fluorescence intensity, represented as relative fluorescence unit
(RFU), of a microwell containing a single protein-loaded microparticle. At different buffer
temperatures with 1M Imidazole, fluorescent proteins are released from the microparticle
and diffuse out the microwell (n = 3 microwells, error bars are standard deviation). Colored
dashed lines represent exponential curve fitting, and a half-life for each buffer temperature
is listed. Black: y = 1.04*exp(-0.16t) + 0.11, R2 = 0.91. Red: y = 1.18*exp(-0.04t) +
0.08, R2 = 0.90; Blue: y = 1.03*exp(-0.01t) 0.09, R2= 0.87. (E) Representative false-
color micrograph and intensity profile of four standard proteins (ICAM1, 100 kDa; KDR,
85 kDa; EpH B4, 58 kDa; CHI3L1, 42 kDa) that were separated and immobilized in the
polyacrylamide gel.

To immobilize the protein ladder on the microparticles, the microparticles were incubated
(2 h) in a cocktail of fluorescently labeled and His-tagged proteins (KDR, 21.9 ng/µl; ICAM1,
7.40 ng/µl; EpH B4, 54.5 ng/µl; CHI3L1, 14.8 ng/µl). After incubation with proteins, the
microparticles were washed 3 times with washing buffer containing mild imidazole (20 mM).
Via flow cytometry, we observed 98% of microparticles coated with the fluorescent protein
ladder components (Figure 3.2B, Figure 3.4).
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Figure 3.3: Single-cell immunoblotting array of 30-µm microwells patterned in a thin layer
of polyacrylamide gel. Scale bar, 1 cm.

Figure 3.4: Percent of microparticles labeled with AF647-tagged proteins (ICAM1, KDR,
EpH B4, CHI3L1) is analyzed by by flow cytometry. Blue histogram represents fluorescence
variation and % maximum population of microparticles labeled with AF647-tagged proteins
(nlabeled = 2587). The blue peak between 103 and 105 indicates 98% of microparticles are
tagged with AF647-proteins. Grey histogram represents fluorescence variation and % maxi-
mum population of microparticles without AF647-tagged proteins (nunlabeled = 2201).

After identifying microparticle preparation conditions, we examined the release kinetics
of His-tagged Recombinant Protein A labeled with Alexa Fluor 647 (AF647), as a represen-
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tative protein ladder component. To displace the His-tagged proteins from the microparticle
surface, we selected imidazole as a competitive binding ligand. Release of His-tagged Protein
A from the microparticles was modeled according to one-state ligand-receptor kinetics (an
exponential decay).

In a negative control, lysis buffer without imidazole resulted in release of Protein A with
a half-life of 63.4 s and a dissociation rate constant of 0.011 s-1 (Figure 3.5). We noted that
the observed dissociation rate constant was 10x greater than that previously reported [44]
and attribute the discrepancy to the elevated (55 °C) buffer temperature employed here.

Next, we examined cell lysis buffer containing an excess of imidazole (0.015 mmol), as
compared the His-tagged Protein A decorating the microparticles (0.12 nmol). Given the
orders-of-magnitude differential, we assume that the imidazole concertation is not signifi-
cantly reduced over the 30-s time course of protein ladder release and cell lysis. The Protein
A release kinetics in the presence of imidazole at 4 °C suggest a half-life of 49.2 s and a
dissociation rate constant of 0.014 s-1 (Figure 3.2C).

As a first corollary, we next elevated the cell lysis buffer temperature and observed
dissociation rate constants of 0.044 s-1 (at 23 °C) and 0.16 s-1 (at 55 °C), with the latter
condition yielding a protein release half-life of 4.46 s. Within the 30 s window slot, >80 %
of the His-tagged Protein A was released from the microparticles at 55 °C (Figure 3.2C).

As a second corollary, we scrutinized the dissociation rate constant for a range of higher
imidazole concentrations at the most elevated temperature condition. We observed the short-
est release half-life of 4.46 s with a 1M imidazole concentration (Figure 3.5). Consequently,
we selected lysis buffer containing 1M imidazole at 55 °C to release His-tagged protein ladder
components from the microparticles during single-cell PAGE.
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Figure 3.5: The effect of buffer temperature imidazole concentration on AF647-tagged Pro-
tein A release kinetics from microparticles. Representative fluorescence false-color micro-
graphs showing protein release from a microparticle in a microwell at different lysis (A)
temperatures (4 °C, 23 °C, 55 °C) and (B) imidazole concentrations (0 M, 250 mM, 500 mM,
1 mM). Scale bar, 30 m length. (C) Time-lapse plots of the fluorescence intensity from mi-
crowell in buffer with different Imidazole concentrations. Dashed lines represent exponential
curve fitting. 0 M: y = 0.94*exp(-0.01t) + 0.25, R2 = 0.64, 250 mM: y = 1.09*exp(-0.12t) +
0.09, R2 = 0.90, 500 mM: y = 1.03*exp(-0.13t) + 0.12, R2 = 0.85, 1 M: y = 1.04*exp(-0.16t)
+ 0.11, R2 = 0.91.
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Validating the protein ladder as a molecular mass standard

After rapid release of the protein ladder in the microwell, we scrutinized the protein ladder
electromigration during single-cell protein PAGE (Figure 3.2D, Figure 3.6). At 30-s of cell ly-
sis and protein ladder release, PAGE was trigged by applying an electric field (E = 40 V/cm)
for 25 s. Separated protein peaks were immobilized in the gel matrix using photoblotting,
comprised of a 45 s UV exposure of the benzophenone-containing polyacrylamide gel. After
immobilization, Ferguson analysis of the observed protein electromigration was performed
[15, 21]. In protein sizing (gel electrophoresis with SDS), we expect a log-linear relationship
between the molecular mass of each target protein and the observed electrophoretic mobil-
ity of that target. Log-linear fitting of the known ladder proteins yielded R2 > 0.97 for >
300 PAGE separation lanes (Figure 3.6A). Technical variation in protein peak location was
observed to be minor, having to a coefficient of variance (CV) ranging from 2.2% to 11.0%
depending on the ladder component considered (Table 3.2).

Chip 1 Chip 2 Chip 3

Protein
Mean
(µm)

Standard
Deviation
(µm)

CV
(%)

Mean
(µm)

Standard
Deviation
(µm)

CV
(%)

Mean
(µm)

Standard
Deviation
(µm)

CV
(%)

ICAM1 180.74 13.85 11.02 125.72 12.75 10.14 175.78 12.44 7.08
KDR 349.37 22.3 7.91 281.76 19.59 6.95 339.42 13.61 4.01
EpH
B4

624.28 35.35 6.5 544.14 33.4 6.14 616.48 14.48 2.35

CHI3L1 817.9 49.34 6.65 741.44 47.43 6.4 809.54 17.4 2.15

Table 3.2: Quantitation of peak location for microparticle-delivered protein ladder compo-
nents from 3 chips (nchip1 = 147 , nchip2 = 104 , nchip3 = 340). Peak location was determined
from the peak center parameter of a Gaussian fit in MATLAB.
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Figure 3.6: Ferguson analyses of the protein ladder and utility as an estimator of molecular
mass. (A) Log-linear regression fitting of protein ladder components (ICAM1, KDR, EpH
B4, CHI3L1) in 100 representative single-cell PAGE protein separations. R2 value for each
linear fit is shown in lower left of each plot. Black circles, protein ladder components; red
lines, linear regression fits. (B) Box and scatter plots of percent mass errors between expected
and estimated molecular masses of protein ladder components in a single-cell immunoblot
chip. Each black circle represents percent mass error per PAGE separation lane. Box
extents indicate 25th and 75th quantiles; black line at box midpoint indicates median value;
whiskers extend to minimum and maximum values. Kruskal-Wallis test with Dunns multiple
comparisons test, ***p < 0.0001, n = 168 PAGE separation lanes. (C) Scatter plots indicate
chip-to-chip R2 values for linear regression fits. Black circles indicate R2 values for PAGE
separation lanes; red line indicates mean value for each chip (µ1 = 0.991, µ2 = 0.994, µ3 =
0.993); n1 = 327, n2 = 204, n3 = 516; one-way ANOVA test, p <0.001, Cohens d <0.2.
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Across each device, we found no observable spatial dependence on the y-intercept values
of the log-linear regression but did observe a decrease in the slope across the width of the
chip (Figure 3.7). Recognizing that a ΔE = ~1 V/cm across the width of the chip (left to
right) would result in the observed slope variation; we hypothesized that the apparatus has
a slight offset in electrode pair spacing from one end of the chip to the other (Figure 3.7).

Figure 3.7: Variation of protein ladder electromigration in a single-cell immunoblot chip.
(A) Heat map displaying variance of log-linear regression slope values from microwells with
protein ladder markers. (B) Heat map displaying variance of log-linear regression y-intercept
values from microwells with protein ladder markers. (C) A top view of electrophoretic
chamber. The chamber is composed of two electrodes and a holder for the single-cell western
blot chip. Distance difference between the electrodes, measured at the ends of the holder in
x-axis, leads to ΔE = ~1 V/cm from left to right across the chip.

For each protein marker, we compared the expected molecular mass to the measured
molecular mass. An analysis of 168 single-cell PAGE lanes gives a difference between the
two values of < 5%, with an interquartile range (IQR) < 1% (Figure 3.6B), for all protein
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markers that passed quality control (see Experimental Section). Interestingly, the percent
mass error of the smallest ladder component (CHI3L1, 42 kDa) and the largest ladder com-
ponent (ICAM1, 100 kDa) were significantly higher than those of EpH B4 (58 kDa) and
KDR (85 kDa) (µ ± σ of percent mass error: ICAM1, 3.77 ± 0.49; KDR, 1.24 ± 0.53; EpH
B4, 0.39 ± 0.30; CHI3L1, 5.05 ± 0.57; Kruskal-Wallis test with Dunns multiple comparisons
test, ***p < 0.0001, n = 168 PAGE separation lanes; Figure 3.6B). We attribute the higher
percent mass errors of CHI3L1 and ICAM1 to CHI3L1 and ICAM1 data deviating greater
than EpH B4 and KDR from the log-linear regression line, as peak location CV values are
not significantly different among all four markers (Figure 3.6A,Table 3.2, n = 3 chips, one-
way ANOVA test, p > 0.5). High and low molecular mass proteins should be included in
each set of protein marker standards for most accurate estimation of molecular mass, which
agrees with previous work demonstrating that the use of a pair of high and low molecular
mass protein standards controlled for technical variation in migration rate in a capillary gel
electrophoresis platform [45].

Next, we examined chip-to-chip variation in molecular mass estimation to assess repro-
ducibility of the protein marker as a size standard (Figure 3.6C, 3.8). Regarding the
goodness of the log-linear regression fit, we observed R2 > 0.97 (n = 3 chips; Figure 3.6C).
One-way ANOVA tests indicate that the distributions of the R2 values are significantly dif-
ferent among the chips. However, the magnitude of the chip-to-chip difference in R2 values
is minimal, with a Cohens d < 0.2 (Figure 3.6C). We further investigated technical varia-
tion across the chips by analyzing percent mass errors of the protein markers. Although the
slight run-to-run difference in the gel electrophoresis duration might contribute to the fact
that distributions of percent mass errors are significantly different across chips (Figure 3.8),
we observed consistent protein electromigration (CV of peak locations < 12%) and < 10%
mass errors in sizing of the protein markers (42 – 100 kDa protein masses; Figure 3.8, Table
3.2).
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Figure 3.8: Scatter plots of percent mass error between expected and estimated molecular
weight of protein markers across 3 chips. Each black circle represents percent mass error
per separation lane. Red box ends indicate 25th and 75th quantiles; middle red line at box
indicates median value; whiskers extend to minimum and maximum values. Kruskal-Wallis
test, ***p < 0.0001, **p < 0.001; nchip1 = 257, nchip2 = 168, nchip3 = 415.

Given that not all cell-containing microwells are populated with microparticles, we sought
to understand the limits and constraints on using protein ladder components proximal to
single-cell PAGE separations as migration standards. To understand spatial continuity of
electromigration, we sought to apply semi-variogram (γ) model [46, 47] to estimate variance
of the slope or y-intercept values (Z) from the log-linear regression by comparing pairs (N) of
two microwells with protein ladder components at various spacing (h) between the microwell
(Equation 5.1):

γ̂ =
1

2N

N∑
i=1

(Zi − Zi+h)2 (3.1)

We used a semi-variogram analysis of the log-linear fitting coefficients and determined
that molecular mass estimates of proteins of interest are accurate using protein ladder elec-
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tromigration, if the ladder originates from a microwell located ≤ 2.5 mm (center-to-center
pitch) from the microwell with the proteins of interest (Equation 5.1, Figure 3.9).

We observed no significant difference (Kruskal Wallis test with Dunns multiple com-
parisons test, p >0.05) in molecular mass error when protein sizing was performed either
using the ladder from the same PAGE separation lane as the proteins of interest or the
ladder located ≤ 2.5 mm from the PAGE separation lane containing the proteins of interest
(Figure 3.10).

Figure 3.9: Spatial analysis of protein ladder electromigration. (A) Semi-variogram of the
slope values at different microwell spacing across the single-cell immunoblot array columns
(left) and rows (right). Across the columns, slope variance begins to increase when microwell
spacing >10. The slope variance does not vary across rows. Microwell spacing (center-
to-center pitch) across columns, 250 µm and across rows, 1 mm. (B) Semi-variogram of
the y-intercept values at different microwell spacing across the single-cell immunoblot array
columns (left) and rows (right). The y-intercept semi-variograms indicate that variance does
not dependent on microwell locations across the device.
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Figure 3.10: Scatter plots indicating percent mass error distribution of protein standards at
different microwell spacing (A) 1, (B) 2, (C) 3, (D) 5, (E) 10. Each microwell spacing (center-
to-center pitch) is 250 µm. After the log-linear fitting, mass of protein ladder components at
proximal microwells are measured with the log-linear regression. Each black circle represents
percent mass error per separation lane. Box ends indicate 25th and 75th quantiles; middle
black line at box indicates median value; whiskers extend to minimum and maximum values.
Kruskal-Wallis test with Dunns multiple comparisons test, ns: p ¿ 0.05, nA = 318; nB = 152;
nC = 67; nD = 12; nE = 6.

Imidazole interferes with protein photoblotting

After protein PAGE, photoblotting to immobilize protein peaks in the polyacrylamide gel
uses a UV-mediated covalent attachment of proteins to benzophenone incorporated in the
polyacrylamide gel. Efficient photoblotting is critical for protein detection and immuno-
probing, but we observed low levels of immobilized protein in the imidazole buffer resulting
3.7% yield of separation lanes with protein ladder that passed quality control (Figure 3.11A,
B). We hypothesized that, in the presence of a high concentration (1M) of imidazole, the
UV-activated benzophenone group incorporated in the polyacrylamide gel abstracts a hy-
drogen from a secondary amine group in the imidazole and undergoes recombination to form
a covalent bond with the imidazole (Figure 3.11C) [48].
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Figure 3.11: Imidazole reduces protein ladder expression levels and contributes to poor
yield of separation lanes with protein ladder that passed quality control. (A) False-color
representative micrographs of single-cell protein PAGE with 1M imidazole present during
photoblotting and with buffer exchange to dilute imidazole prior to photoblotting. Each
intensity plot represents the protein ladder resolved along one PAGE separation lane. (B)
Bar graph representing fraction of protein ladder components that passed quality control
(SNR >3, R2 for Gaussian curve fitting >0.7). Error bars represent standard deviations.
Black circles represent data per PAGE separation lane; red lines represent mean values;
unpaired t test, *** p <0.0001, ** p <0.002, ns = no significance (p >0.05). (C) Mechanism
for imidazole reacting with UV-activated benzophenone moieties incorporated in the gel.

To investigate this potential confounding mechanism, we included a buffer-exchange step
to eliminate the imidazole during the photoblot step (See Experimental Section). The buffer
exchange was performed between the chemical cell lysis and the protein PAGE steps to
remove imidazole prior to the UV photoblot step [49]. Buffer exchange has been previously
employed by our group to reduce Joule heating during single-cell electrophoresis [50]. We
calculated SNR for each Gaussian-fitted protein ladder peak (R2 >0.7) with and without a
buffer exchange. The buffer exchange improved SNR for all 4 protein ladder components;
comparing mean values, the SNR with the buffer exchange was >20% greater than the
SNR without the buffer exchange (Figure 3.12A). We next examined SNR of endogenous
protein expression levels with and without the buffer exchange. The buffer exchange restored
immunoprobing of β-tubulin (β-TUB), cytokeratin 8 (CK8), and GAPDH to levels obtained
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without the imidazole in the chemical lysis step (Figure 3.13).

Figure 3.12: Buffer exchange minimizes imidazole interference with ladder protein compo-
nents. (A) Scatter plots of signal-to-noise ratio (SNR) of protein ladder peaks with and
without buffer exchange (nwith exchange = 249, nno exchange = 149). (B) Scatter plot indicating
R2 values with and without buffer exchange. (nwith exchange = 107, nno exchange = 27). (C)
Scatter plots of separation resolution between two protein ladder components with or with-
out buffer exchange (nwith exchange = 107, nno exchange = 27). (D) Scatter plot of KDR peak
SNR as a function of the number of microparticles in the microwell (n = 4 microwells, error
bar is standard deviation). Each square represents a mean SNR value of KDR with buffer
exchange. Each circle represents a mean SNR value of KDR without buffer exchange. With
buffer exchange, one microparticle per microwell is sufficient to detect all protein ladder com-
ponents with SNR >3. (F) Bar graph representing fraction of protein ladder components
that passed quality control (SNR >3, R2 for Gaussian curve fitting >0.7). Error bars repre-
sent standard deviations. Black circles represent data per PAGE separation lane; red lines
represent mean values; unpaired t test, *** p <0.0001, ** p <0.002, ns = no significance (p
>0.05).
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Figure 3.13: Buffer exchange minimizes imidazole interference with cellular endogenous pro-
teins. Scatter plots of β-TUB, CK8, GAPDH expressions under different lysis buffer condi-
tions (Kruskal Wallis test, DunnSidak corrections, *p <0.05, **p <0.0001). After protein
lysis and release, buffer exchange eliminates imidazole that interferes with UV-activated pro-
tein photocapture. Each black dot represents an endogenous protein from individual cells
per microwell. Red lines indicate median with range from maximum to minimum expres-
sion values. β-TUB: n0M = 33, n1M = 66, nBuffer Exchange = 141; CK8: n0M = 46, n1M = 116,
nBuffer Exchange = 328; GAPDH: n0M = 41, n1M = 69, nBuffer Exchange = 201.

Considering total assay performance, we next asked whether the buffer exchange might
affect the goodness of fit in the log-linear regression and separation resolution (SR) of the
protein ladder components (Figure 3.12B, C). The goodness of fit distribution of R2 values
with the buffer exchange was not significantly different from that without the buffer exchange
(Figure 3.12B; unpaired t test, p = 0.20, nwith exchange = 107, nno exchange = 27). Furthermore,
no decrease in SR between the protein ladder components was detectable (Figure 3.12C).
In fact, the median and mean SR between ICAM1 and KDR were slightly greater with
the buffer exchange, as compared to the imidazole containing conditions without the buffer
exchange (Figure 3.12C). We did not observe reduced Joule heating upon buffer exchange, nor
corresponding improvements in SR [50]. The buffer exchange employed here utilized room
temperature lysis buffer, which contains high concentrations of conductive ionic detergents
that result in heating-induced peak dispersion during electrophoresis.

Minimum number of microparticles per microwell required for
detection

We sought to understand the number of microparticles per microwell required to detect
protein ladder components with an SNR >3. The KDR protein was used to assess the
relationship between SNR of protein peaks (E = 40 V/cm; t = 25 s) and the number of mi-
croparticles per microwell. The SNR increased with an increasing number of microparticles
per microwell (Figure 3.12D). Without buffer exchange, in excess of 3 microparticles per mi-
crowell were required to achieve an SNR >3 (Figure 3.12D). In contrast, the buffer exchange
and dilution of imidazole yielded SNR >5 with a single microparticle in a microwell (Fig-
ure 3.12D). This increase in SNR means that 55% of the protein ladder components which
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passed quality control (see Experimental Section), are qualified as protein molecular mass
standards, in contrast to 3.7% of components qualifying without the buffer exchange (Fig-
ure 3.11B). Consequently, one microparticle per microwell was sufficient for each single-cell
immunoblot.
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Figure 3.14: Determination of protein mass using single-cell immunoblots benefits from
inclusion of a protein ladder with each single-cell PAGE separation.(A) Top: false-color
micrographs display microwells containing an MCF-7 cell (red) and microparticles (blue).
Scale bar, 10 µm. Bottom: intensity profiles and false-color micrographs of four represen-
tative PAGE lanes containing both endogenous proteins (STAT3, 80 kDa; ER-α, 66 kDa;
CK8, 54 kDa; β-TUB, 50 kDa; GAPDH, 37 kDa) and a protein ladder (blue). (B) Scatter
plots indicate no significant difference in peak widths of protein ladder components with and
without cells in microwells. Black circles represent peak width of each ladder component;
red lines represent mean values; unpaired t test and F test, ns = no significance (p >0.05);
nwith cell = 141, nno cell = 39. (C) Scatter plot indicates no significant difference in R2 values
from linear regression with and without a cell in the microwell. Black circles indicate R2

values per separation lane; red lines represent mean values; unpaired t test and F test, ns
= no significance (p >0.05); nwith cell = 141, nno cell = 39 (D) Scatter plot representing no
significance difference in GAPDH (n ≥ 1 = 55, n0 = 17), β-TUB (n≥1 = 77, n0 = 28), and
CK8 (n≥ 1 = 97, n0 = 14) peak widths in microwells with or without microparticles. Black
circles indicate endogenous protein peak width per separation lane; red lines represent mean
values; Mann-Whitney test, ns = no significance (p >0.05). (E) Representative Ferguson
plots display estimated (*) and expected (x) molecular masses of endogenous proteins ex-
tracted from linear regression of the protein ladder. R2 value for each log-linear fit is in the
lower left of each plot. Black circles, protein ladder; red lines, log-linear regression fitting.
(F) Box plots depict % error between estimated and expected molecular masses of STAT3
(n = 95 cells), ER-α (n = 7 cells), CK8 (n = 794 cells), β-TUB (n = 551 cells), and GAPDH
(n = 430 cells) from the Ferguson analysis plots.
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Determining molecular mass of endogenous protein targets in
MCF-7 cells

We estimated molecular masses of endogenous proteins from single cells by employing the
protein ladder as a reference standard (Figure 3.14). For microwells containing both indi-
vidual MCF-7 breast cancer cells and one or more microparticles, we performed single-cell
immunoblotting and concurrently resolved protein ladder components and endogenous pro-
teins in each PAGE separation lane (Figure 3.14A).

We sought to identify any confounding interactions when running protein PAGE on the
protein ladder and single-cell lysate from the same microwell. We found no significant differ-
ence in the distribution of the peak widths of the protein ladder components in the presence
(µ ± σ; ICAM1: 108.5 ± 34.47, KDR: 165.6 ± 22.81, EpH B4: 135.8 ± 12.46, CHI3L1: 170.4
± 24.2) and absence (µ ± σ; ICAM1: 118.1 ± 27.13, KDR: 160.3 ± 25.75, EpH B4: 137.3
± 12.1, CHI3L1: 176.5 ± 21.88) of cells, suggesting that negligible interference occurred
owing to co-loading, concurrent cell lysis and protein ladder solubilization, and concurrent
sample injection (Figure 3.14B; unpaired t-test and F-test, p >0.05, nwith cell = 141, nno cell =
39). The goodness of the log-linear fit to the protein ladder remained R2 >0.97 and was not
significantly different from conditions with no cells in the microwells (Figure 3.14C, unpaired
t test and F test, p >0.05, nwith cell = 141, nno cell = 39).

Reciprocally, for microwells with and without microparticles, we analyzed the immuno-
probed endogenous proteins to identify any confounding effects. We used GAPDH, β-
TUB, CK8 as representative endogenous proteins and found that the protein peak widths
([median≥1 microparticle, median0 microparticle]; GAPDH [193.4, 192.5], β-TUB [134.3, 136.9], CK8
[151.3, 151.9]; Mann-Whitney test, p >0.05) were not notably affected by the presence of
protein-loaded microparticles in the same microwells (Figure 3.14D).

Using the protein ladder, we next determined the molecular mass of a set of endogenous
protein targets in the MCF-7 cells. Here, we utilized the log-linear regression equation
developed from the protein ladder and the measured peak location for each target (for
ladders and single-cell immunoblots performed within the ≤ 2.5 mm mentioned earlier). We
analyzed >100 PAGE separation lanes with protein ladders that passed quality control (see
Experimental Section) and a R2 exceeding 0.97 for the log-linear regression. In these cases,
the molecular masses of GAPDH (39.6 kDa), β-TUB (47.0 kDa), CK8 (54.3 kDa), and ER-
α(66 kDa) and the reported molecular masses determined by conventional slab-gel western
blots agreed with both median and mean mass errors of <10% (Figure 3.14E, F). For STAT3
(80 kDa), we observed a slightly larger mean mass error at 10.3% and median mass error
at 12.2% (Figure 3.14F). Note that conventional slab-gel western blotting reported three
protein peaks within the 70 — 100 kDa range using the STAT3 antibody (Figure 3.15),
possibly slightly reducing the accuracy of sizing this target.



CHAPTER 3. MICROPARTICLE DELIVERY OF PROTEIN MARKERS 62

Figure 3.15: Slab-gel western blots of STAT3, CK8, GAPDH, with MCF-7 cells.

Overall, single-cell PAGE with the protein ladder resulted in mean and median mass er-
rors < 12% for all endogenous protein targets from the MCF-7 cells (Figure 3.14F). When
microwells within a 2.5 mm x 10 mm region were considered, the log-linear regression with
the microparticle-delivered protein ladder performed target mass estimation more accurately
than using other endogenous immunoprobed protein targets. The mean and median mass
errors for CK8 were >40% lower when determined by the protein ladder rather than by
known endogenous cellular protein targets (Figure 3.16). With optimization of cell lysis
and antibody probing, we anticipate the microparticle protein ladder vehicle will find util-
ity in assigning molecular masses to proteoforms, including truncated isoforms with >20%
molecular mass differences from the full-length protein (Figure 3.14F) [51–53].
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Figure 3.16: Protein ladder performs molecular sizing of CK8 more accurately than cellular
proteins as standards. Scatter plots indicating percent mass error distribution of CK8,
estimated by performing log-linear regression with protein standards or four cellular proteins
(GAPDH, β-TUB, ER-α, STAT3). For protein sizing with the protein standards (n = 794),
the protein standards located ≤ 10 microwell spacing apart from CK8 protein peaks were
used. For protein sizing with the endogenous proteins (n = 8820), every combination of
GAPDH, β-TUB, ER-α, STAT3, and CK8 peaks within≤ 10 microwell spacing was computed
and evaluated. Mann Whitney test, *** p < 0.0001.

3.4 Conclusion

As single-cell resolution assays emerge and mature, an increased emphasis on reliability
and reproducibility is also emerging. Complementing single-cell resolution genomics and
transcriptomics are single-cell protein assays (flow cytometry, immunofluorescence, immuno-
histochemistry, mass cytometry/CyTOF). Especially critical to direct measurement of pro-
teoforms (isoforms, splice variants, etc.) and protein interactions is single-cell resolution
immunoblotting. To establish a molecular mass standard for single-cell immunoblots, we
design, characterize, and apply a protein migration ladder delivered in solid-phase using a
magnetic microparticle vehicle. The microparticle delivery and chemically triggered ladder
release allows concurrent analysis of the protein ladder with each electrophoretic separation
of lysate from single cells. Endogenous protein targets are identifiable, with appreciable
confidence stemming from the dual measurements of molecular mass and reactivity with an
immunoprobe.

Going forward, we see a promising role for standards in single-cell protein separations, for
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the understanding (or simply measurement) sources of technical variation and for identifica-
tion of unknown protein species. Each stage of the microfluidic immunoblot from cell lysis
to immunoprobing can now be assessed to determine dominant contributors to variation
in measurements of peak location and protein expression. With careful design to deliver
controlled (and known) quantities of standard proteins to each microwell, protein ladders
have the potential to aid in absolute protein quantitation from each single-cell lysate.
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Chapter 4

Single-cell electrophoretic cytology
resolves estrogen receptor isoforms
and refines taxonomy for
understanding hormonal responses in
breast cancer

Materials reproduced from: J.J. Kim, C.C. Kang, M.D. Pegram, and A.E. Herr, Single-
cell electrophoretic cytology resolves estrogen receptor αisoforms and refines taxonomy for
understanding hormonal responses in breast cancer, 2018

4.1 Introduction

Breast cancer (BCa) is a heterogeneous disease, classified into 4 subtypes based on am-
plification of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2/neu) via immunohistochemistry staining [1–3]. Annually,
almost 80% of BCa cases is ER-α+, and the ER-α protein mediates cancer proliferation
by translocating into nucleus [1, 4]. Patients with ER-α+ usually receive hormone therapy
(e.g., tamoxifen – which turns into antiestrogen metabolites that bind to estrogen receptors
and prevent transcription of estrogen-responsive genes) and have an estimated 5-year sur-
vival rate of 84% [5–7]. In contrast, BCa subtypes with an absence of ER-αusually exhibit
aggressive phenotypes and develop resistance to hormone therapy [1, 8–10].

Despite of progress in genomic sequencing to identify driver mutations at a single-cell
level [11–13], protein variation needs to be further measured to understand hormone resis-
tance and other complex biological processes [14, 15]. In BCa, variants of estrogen receptors
(ER-α66, ER-α46, ER-α36) are consisted of different molecular structures and functions due
to alternative splicing, localized in different subcellular compartments, and involved in dif-
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ferent signaling pathways (genomic vs. non-genomic) that respond cancer cells differently
to tamoxifen and hormone drugs [16–21]. Elucidating how cancers change from ’responsive’
to ’resistant’ may enhance the efficacy of hormone cancer therapies by unlocking knowledge
that could ’switch’ drug-resistant cancers back to drug-responsive cancers. While the mech-
anisms of drug resistance are unclear, overexpression of a truncated ER-α isoform (ER-α46)
partially recovers hormone therapy responses in hormone-resistant BCa cell lines [19, 22].

Consequently, to understand the drug resistance mechanism, we report on a high-selectivity
cytometry capable of classifying BrCa using both truncated ER-α46 and full-length ER-α66
proteins. Such a single-cell assay is unavailable, as immunoassays are insufficiently selective
owing to a high percentage of amino-acid sequence overlap between ER-α46 and ER-α66
[22]. We report on design and application of a high-throughput microdevice that distin-
guishes large (canonical) and small (truncated) proteins from single cells by prepending
an electrophoretic separation of proteins to a backend immunoassay [23, 24]. The single-cell
western blot (scWestern) is a two-stage assay design that allows us to utilize existing antibod-
ies for ER-α while offering a selectivity (based on molecular-mass differences) unachievable
with immunoassays. With the scWestern, we investigate changes in ER-αsignaling pathways
in BCa cell lines by multiplexing protein targets at a single-cell resolution.

4.2 Materials and Methods

SU-8 soft lithography and scWestern fabrication

A polyacrylamide gel was polymerized against a silicon wafer with SU-8 micropillars for
microwells. After cleaning a mechanical grade silicon wafer (University Wafers) surface with
isopropanol and acetone, a 30 µm SU-8 3050 (Y311075; MicroChem) layer was coated by
spinning at 4000 RPM for 30 s and soft baked at 95 °C for 15 min. Then, the wafer was
soft baked at 95 °C for 15 min, and exposed to UV (40 mW/cm 2, 5 s) under a Mylar mask
with the microwell array design (250 µm well-to-well spacing and 1 mm long separation
lane). Followed by post-exposure baking (65 °C for 1 min, 95 °C for 5 min), the wafer was
immersed in SU-8 developer (Y020100; Microchem) to reveal the micropillars. Before casting
a polyacrylamide gel, the wafer was coated with 100 µl hydrophobic dichlorodimethylsilane
(DMDCS, 440272; Sigma-Aldrich) via vapor-deposition for 40 min under vacuum. The SU-8
mold’s thickness was measured by using a surface profilometer (Sloan Dektak 3030) with a
0.10 mN stylus force. By casting on the SU-8 mold, the 30-µm polyacrylamide gel layer with
patterned microwells was chemically polymerized using 8% T, 3.45% C, 3 mM BPMAC,
0.08% APS and 0.08% TEMED.

Cell lines and cell culture

MCF-7, MDA-MB-231, SKBR3, HEK293, and ZR-75-1 were obtained from the American
Type Culture Collection (ATCC). BT474 was obtained from Dr. Mark Pegrams laboratory.
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SKBR3 was cultured in McCoys 5A (16600082; Thermofisher Scientific) supplemented with
1% penicillin/streptomycin (P/S; 15140122; Thermofisher Scientific) and 10% fetal bovine
serum (FBS; 100-106; Gemini Bio-Products). HEK293 was cultured in Eagle’s Minimum
Essential Medium (EMEM) (30-2003; ATCC) supplemented with 1% P/S and 10% FBS.
MCF-7, MDA-MB-231, ZR-75-1, and BT474 were maintained in RPMI 1640 (11875-093;
Thermofisher Scientific), supplemented with 1% P/S and 10% FBS. All cell lines were incu-
bated in a humidified incubator held at 37 °C under 5% CO2. All cell lines were authenticated
using short tandem repeat analysis by UC Berkeley Cell Culture Facility.

Tamoxifen and E2 treatment

Prior to drug treatment, cells were incubated in phenol free RPMI1640 (11835030; Ther-
mofisher Scientific) and charcoal stripped FBS (A3382101; Thermofisher Scientific) with 1%
P/S for 48 h. Tamoxifen (T5648; Sigma-Aldrich) and E2 (E8875; Sigma-Aldrich) were dis-
solved in 100% EtOH and prepared at 1 mM concentration. Cells were treated with E2 or
TAM with final concentration of 1 M for 24 h. For negative control, cells were treated with
100% EtOH with equal volume of E2 or TAM treatment for 24 h. After the treatment, cells
were detached from cell culture dish with 10 mM EDTA (AM9260G) and proceeded with
the scWestern assay.

scWestern assay procedure

The scWestern assay is composed of a 30-µm thick polyacrylamide gel (8%T, 2.7%C) pat-
terned with an array of 30-µm microwells on a standard microscope glass slide. First, cells at
25,000 cells/ml in 1x PBS (10010023; Thermofisher Scientific) were seated in the microwells
by gravitational sedimentation for 10 min. The seated cells were lysed in situ for 30 s by
pouring 15 ml of chemical lysis buffer. The chemical lysis buffer is comprised of 8M Urea
(U5378, Sigma Aldrich), 1% SDS (L3771; Sigma Aldrich), 0.1% Triton X-100 (X100; Sigma
Aldrich), 1x Tris-glycine (D6750; Sigma Aldrich). Following the cell lysis, an electric field at
40 V/cm was applied across the scWestern device for protein acrylamide gel electrophoresis.
Immediately after electrophoresis, electromigrated proteins were covalently bounded into the
gel with benzophenone moieties by applying UV (Lightningcure LC5; Hamamatsu) for 45
s. Then, the scWestern device was washed with 1x TBS with Tween 20 (TBST, 77500;
Affymetrix) for 1 h prior to immunoprobing. For immunoprobing, 0.1 g/l of primary and
secondary antibodies (0.1 g/l) were diluted with 1x TBST with 2% BSA and probed the
device for 2 h and 1 h, respectively. Between and after each probing, 1x TBST was used for
washing for 1 h. Lastly, the device was dried and scanned with a fluorescence microarray
scanner (4300A; Genepix).
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Antibodies

Primary antibodies of α-actinin (6487; Cell Signaling), β-tubulin (ab6046; Abcam), CD44
(3570; Cell Signaling), ER-α(sp-10; Sigma Aldrich), cleaved caspase 8 (9496; Cell Signaling),
cJUN (60A8; Cell Signaling), EGFR (2322; Cell Signaling), GAPDH (Sab2500450; Sigma
Aldrich), Phospho-AKT(Ser473, 9231; Cell Signaling), p38 MAPK (8690; Cell Signaling), S6-
ribosomal protein (Ser240/244) (5364; Cell Signaling) were immunoprobes for BCa cell lines.
Secondary antibodies of anti-goat antibody with Alexa Fluor 555 (A-21432; ThermoFisher),
anti-mouse antibody with Alexa Fluor 594 (A-11032), and anti-rabbit antibody conjugated
with Alexa Fluor 647 (A-21245) were used as secondary antibodies. Secondary antibodies to
goat IgG pre-labelled with AlexaFluor 488 and 555 (A11055 and A21432), mouse IgG pre-
labelled with AlexaFluor 488 (A21202), and rabbit IgG pre-labelled with AlexaFluor 488 and
647 (A21206 and A31573) were used as prepared by the vendor (Invitrogen). For slab-gel
western blotting, secondary antibodies to goat (A15999), rabbit (31460), mouse (31430) IgG
labelled with HRP were used as prepared by the vendor (ThermoFisher).

Slab-gel western blotting

Cells from a 10 cm petri dish at 80% confluency were lysed with a radioimmunoprecipitation
buffer and centrifuged to collect proteins. Each sample was boiled at 95°C for 5 min and
separated on a 10% SDS-PAGE and transferred on a nitrocellulose membrane using a semi-
dry blot machine (Pierce Power Blotter; ThermoFisher). The membrane was blocked with
1X TBST buffer with 5% FBS for 1 h. The membrane was incubated with a primary
antibody (1:15,000) for overnight at 4 °C and washed with 1X TBST buffer for 1 h. The
membrane was then incubated with secondary antibodies labelled with HRP for 1 h at room
temperature. After washing with 1X TBST for 1 h, the membrane was incubated with HRP
chemiluminescent substrate (SuperSignal West Dura Substrate, 34076; ThermoFisher) for 5
min and detected with a CCD imager (ChemiDoc XRS+, Bio-Rad).

Cell fixing and flow cytometry

MCF-7 and MDA-MB-231 cells were collected at 106 cells/ml. The cells were fixed with 4%
formaldehyde (12606; Cell Signaling) for 10 min at 37 °C. The cells were permeabilized with
90% MeOH for 30 min on ice. After washing the cells with an incubation buffer (1x PBS
with 2% FBS) twice, the cells were resuspended in 100 µl of primary antibody (1:50) and
incubated at room temperature for 1 h. The cells were washed again with the incubation
buffer and incubated with secondary antibody (1:150) for 30 min at room temperature.
The cells were washed again with the incubation buffer and analyzed by using Attune NxT
Flow Cytometer (Thermo Fisher Scientific). Viable cells were gated on size and shape using
forward and side scatters. The cytometer was set at 200 cells/ml. FITC fluorescence was
collected in the BL1 channel using a 480/500 nm band-pass filter.
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scWestern data analysis and processing

Images were processed by applying a median filter with a 2-pixel radius and a threshold
value of 50 (ImageJ). Protein peaks from the scWestern were quantitated with in-house
MATLAB scripts [23]. The peaks were fitted by Gaussian functions in MATLAB (R2016b)
and processed by extracting Gaussian parameters for peak width, location, and area-under-
curve for protein expression. The protein peaks with Gaussian fitting R2 ≥ 0.7 and SNR >
3 were analyzed [23].

4.3 Results and Discussion

Validation of ER-α antibodies with BCa cell lines

In order to distinguish ER-α66 and ER-α46, we sought to screen for a specific and sensi-
tive antibody by testing a panel of antibodies with model BCa cell lines in conventional
immunoassays. The cell lines are mycoplasma negative and authenticated with 100% match
in the short tandem repeat analysis. Largely, commercial antibodies recognize the ER-α C-
terminus, which is conserved in both ER-α66 and ER-α46 (Figure 4.1A, S1). The difference
in amino acid sequence between ER-α66 and ER-α46 is the AF1 transactivation domain at
the N-terminus (Figure 4.1A). Validation of three commercial anti-ER-α antibodies (SP-1,
H226, and HC-20) was carried out by slab-gel western blotting of lysates pooled from 106

cells. The SP-1 and HC-20 antibodies bind to epitopes in the ligand-binding region at the
C-terminus, while H226 recognizes a hinge region in both ER-α isoforms. The SP-1 antibody
detected ER-α66 and ER-α46 in an MCF-7 lysate but only detected ER-α46 in MDA-MB-
231 and HEK293 lysates (Figure 1B). Comparing the population-average ER-α46 expression
ratio (ER-α46/GAPDH), the MDA-MB-231 lysate had a 1.8-fold higher ER-α46/GAPDH
expression ratio than the HEK293 lysate (Figure 4.1B). The H226 and HC-20 antibod-
ies, which detected similar ER-α expression patterns across the model cell lines, generated
non-specific protein expressions in locations near the expected ER-α isoforms. Using slab-
gel western blotting to test ER-α antibodies with > 4 BCa cell lines, we found that SP-1
was capable of correctly identifying ER-α isoforms, with only a single band of non-specific
binding at 100 kDa (Figure 4.1B, Table 4.1, Figure S1).
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ER-α
Antibody

Epitope region Isoforms Company (catalog no.)

SP-1
C-terminus
(578 595 aa)

ER-α66, ER-α46 Abcam (ab16660)

HC-20 C-terminus ER-α66, ER-α46 Santa Cruz (sc-543)
MC-20 C-terminus ER-α66 Santa Cruz (sc-542)

C3 (H-300)
C-terminus
(579 599 aa)

ER-α66, ER-α46 Santa Cruz (sc-20137)

H226
Hinge region
D

ER-α66, ER-α46, ER-α36 Santa Cruz (sc-53493)

F-10
C-terminus
(576-595 aa)

ER-α66, ER-α46 Santa Cruz (sc-8002)

D-12
N-terminus
(2-185 aa)

ER-α66 Santa Cruz (sc-8005)

Table 4.1: List of commercial ER-α antibodies tested in conventional western blotting for
ER-α selectivity
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Figure 4.1: Quantitative measurement of estrogen receptor α (ER-α) isoforms is limited
by antibody selectivity and non-specificity. (A) An illustration of two ER isoforms (ER-
α66, ER-α46) and ER-αantibody binding locations. (B) Slab-gel western blotting with ER-
αantibodies. Molecular sizing renders additional specificity to detect ER-αisoforms and non-
specific signals. (C) Confocal images of MCF-7 cells fixed and probed with ER-αantibodies.
Scale bar, 50 µm. (D) Line histogram of percent live cells with ER-α in fluorescence-activated
cell sorting. nMCF-7+SP-1 = 8691, nMCF-7 without SP-1 = 5399, nHEK293 + SP-1 = 9155.
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Figure 4.2: Conventional western blots to validate ER-αantibodies with model breast and
kidney cancer cell lines. (A) Table of cell lines to test antibodies: BT474 (ER-α66+), HEK293
(ER-α66-), MCF-7 (ER-α66+), MDA-MB-231 (ER-α66-), SKBR3 (ER-α66-), ZR-75-1 (ER-
α66+). Conventional western blots of ER-αwith (C) H226, (D) HC-20, (E) SP-1, (F) C-3,
(G) F-10, (H) D-12, (I) MC-20 antibodies.

Next, we continued the validation testing of the three ER-α antibodies using immuno-
cytochemistry (ICC, Figure 1C). Since ER-α is a family of nuclear receptors, we performed
ICC staining in order to verify that ER-α probing is dominantly expressed in the cell nucleus.
In MCF-7 cells, SP-1 and HC-20 antibody staining overlapped with Hoechst staining, which
indicates the presence of ER-α receptors in the cell nucleus (Figure 4.1B). In contrast, H226
antibodies failed to detect any ER-α, possibly because of the masking of the hinge amino
acid region in fixed cells, rendering it unavailable for antibody binding. ICC with SP-1 and
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HC-20 antibodies was capable of confirming the presence of ER-α by spatial localization, but
was not able to selectively distinguish between ER-α66 and ER-α46 (Figure 4.1C). Quantita-
tively, using fluorescence-activated cell sorting (FACS), we discovered that SP-1 was capable
of identifying 34% of the ER- in the MCF-7 cells, compared with the ER-α- HEK293 cells
(Figure 4.1D). Given the same gating, < 1% of the MDA-MB-231 cells are detected with
ER-α+ in the MDA-MB-231 cells (Figure 4.3). With the ER-αantibodies validated across
immunoassays, we were able to perform scWestern assays to discern the presence of ER-α46
and ER-α66 at a single-cell resolution.

Figure 4.3: Line histogram of percent live MDA-MB-231 cells with ER-αin fluorescence-
activated cell sorting. HEK293 cell line was used as a negative control. nMDA-MB-231+SP-1 =
24229, nMDA-MB-231 without SP-1 = 24653, nHEK293 without SP-1 = 9155.

Single-cell measurement of proteins and analysis of expression and
signal to noise ratio variations

For analysis of ER-α isoforms, we performed quality control on the scWestern data and
investigated the variability of signal-to-noise ratio (SNR) and expression (area under the
curve, AUC) of β-TUB from individual cells in the scWestern. Due to the phenomenon
of diffusion during electrophoresis, protein peaks are normally distributed and accordingly
fitted by a Gaussian function along the separation axis for each region of interest (ROI)
(Figure 4.4A). For each individual separation, the Gaussian constants from fitting represent
scWestern parameters (peak amplitude, location, and width), and are used to calculate the
AUC and SNR values. For quality control, we excluded the single-cell data below 0.7 for R2

and 3 for SNR (Figure 4.4A).
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Next, we assessed variations in scWestern data by analyzing AUC and SNR of β-TUB
within the device and across two device replicates, from MCF-7 and MDA-MB-231 cells
without any treatments. Within each replicate, we calculated the coefficient of variation
(CV) based on the AUC of individual β-TUB peaks. The CV values for the AUC in the
two MCF-7 replicates were 68% and 60% (Figure 4.4B). Similarly, the CV values for the
SNR in the MCF-7 replicates were 60% and 59%. In the MDA-MB-231 cells, we observed
greater CV values for SNR (77% and 98%) than for AUC (102% and 112%, Figure S3C).
Of note, the CV values were greater than a technical variation cutoff of 32.4%, reported
in a previous scWestern [25]. For the device-to-device variations, as expected, we observed
no significant differences in AUC and SNR distributions between two replicates for either
MCF-7 or MDA-MB-231 cells (Figure Figure 4.4B,C).
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Figure 4.4: SNR and AUC variability of β-TUB within a scWestern device and between
two replicate devices. (A) Gaussian curve fit and quality control (R2 ≥ 0.7, SNR ≥ 3) are
performed for each β-TUB peak. Left: a montage of intensity plots with a blue line indicating
a β-TUB signal and a red line denoting a Gaussian curve fit. Right: ROI images of β-TUB
are displayed after performing quality check on curve fitting. AUC and SNR of β-TUB of
individual (B) MCF-7 and (C) MDA-MB-231 cells from two device replicates are illustrated
by boxplots and beeswarm plots. Each dot represents β-TUB expression of individual cell.
For MCF-7: n1 = 286, n2 = 278; CVAUC,1 = 68%, CVAUC,2 = 60%, CVSNR,1 = 60%, CVSNR,2

= 59%; pAUC = 0.08, pSNR = 0.07. For MDA-MB-231: n1 = 391, n2 = 375; CVAUC,1

= 77%, CVAUC,2 = 98%, CVSNR,1 = 102%, CVSNR,2 = 112%; pAUC = 0.07, pSNR = 0.17.
Kruskal-Wallis is done for all statistical tests.
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scWestern enables detection of ER-α isoforms

We designed and optimized a high-throughput microdevice to resolve ER-α isoforms from
individual cells. The isoform-specific scWestern identifies proteins by prepending an elec-
trophoretic separation of proteins to a backend immunoassay. The two-stage assay design
allows the utilization of ER-α antibodies that are compatible with ICC and FACS while offer-
ing both selectivity (based on molecular-mass differences) and single-cell resolution, which
would be unachievable with conventional immunoassays. The isoform-specific scWestern
consists of a 30 µm-thick polyacrylamide gel patterned with an array of 30 µm-diameter mi-
crowells. Each device is capable of settling ~1000 cells (Figure 4.5A). Once a solution of dis-
sociated cells is introduced onto the scWestern, individual cells sediment into the microwells
for in-situ cell lysis. After the cells are lysed, the proteins inside each cell are electrophoresed
and sequentially immobilized by UV-activated benzophenone moieties incorporated in the
polyacrylamide. To detect target proteins, we introduced antibodies labeled with different
fluorescent dyes and increased multiplexing by antibody stripping and reprobing (Figure
4.5A).

In the scWestern, the in-situ cell lysis affects the downstream workflow of protein de-
tection. Consequently, the cell lysis components need to be optimized for protein solubility.
As ER-α binds to DNA and is dominantly present in the cell nucleus rather than the cyto-
plasm, we sought different detergent conditions for chemical cell lysis (Figure 4.1C, 4.5B).
In the scWestern, detergent components affect protein solubility, thereby influencing pro-
tein separation resolution. We therefore tested sodium dodecyl sulfate (SDS), an anionic
detergent that disrupts protein membranes and denatures proteins, at 1% and 2% (m/v)
concentrations for the cell lysis. Increasing SDS concentration from 1% to 2% decreased
separation resolution between ER-α66 and GAPDH from 0.73 to 0.41 (Figure 4.5B). The
low separation resolution at the 2% SDS was caused by peak broadening of GAPDH and
ER-α66 due to an increase in the lysis buffer conductivity (Figure 4.6). Another component
we included in order to optimize cell lysis conditions was a chaotrope, urea. Urea is com-
monly incorporated in lysis buffers to denature proteins by disrupting hydrogen bonds and
lowering detergent critical micelle concentration [26] Furthermore, 8M urea has been applied
before in 2D slab-gel western blotting to solubilize ER binding complexes in the nucleus for
MALDI-MS analysis [27]. In our scWestern, the inclusion of 8M urea in the lysis buffer im-
proved separation resolution of ER-α66 and GAPDH from 0.62 to 1.72 without diminishing
signal-to-noise ratio (Figures 4.5B, 4.6).

After optimizing the lysis buffer conditions with 1% SDS and 8M urea, the scWestern was
performed with the three ER-α antibodies (SP-1, H226, and HC20) to identify ER-α isoforms
in MCF-7, MDA-MB-231, and HEK293 cells (Figure 4.5C). The H226 and HC20 antibodies
generated non-specific peaks in HEK293 and MDA-MB-23 cells, respectively ( 4.5C). In
contrast, the SP-1 antibody distinguished ERα66 and ER-α46 in the MCF-7 cells, without
producing any non-specific signals in any of the cell lines ( 4.5C). Hence, we decided to use
the SP-1 antibody to investigate the frequency and expression levels of ER-α isoforms in
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BCa cell lines.

Figure 4.5: scWestern with optimized chemical-lysis conditions enables detection of ER-
α66 and ER-α46 isoforms from hormone-sensitive (MCF-7) and -insensitive (MDA-MB-231)
BCa cell lines. (A) Schematic procedures for the scWestern. A microarray of 30µm mi-
crowells on a slide coated with polyacrylamide gel was utilized to perform single-cell western
blotting. In this method, once a cell settles down into a microwell, the cell is chemically
lysed. The lysis products are then separated by electrophoresis in the polyacrylamide gel (40
V/cm, 30 s) to resolve proteins according to their molecular masses. The proteins are then
photo-immobilized and probed with antibodies for specific detection. (B) Characterization
of solubility and electrophoretic separation of ER-α66 under different chemical lysis condi-
tions. Chemical lysis in gels containing 1% SDS and 8M urea yielded improved separation
resolution between ER-α66 and GAPDH while maintaining a similar signal-to-noise ratio to
gels without the added components. Unpaired t test for paired data was used for statistical
comparison between different detergent conditions. P values < 0.05 were considered sig-
nificant. (C) False-colored single-cell micrographs of ER-α isoforms detected with different
ER-αantibodies from MCF-7, MDA-MB-231, and HEK293 cell lines
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Figure 4.6: Lysis component and time optimization for detecting denatured ER isoforms in
scWestern. False-color micrographs of GAPDH and ER-α and relative fluorescence units
are plotted in (A) 1% SDS with 20 s lysis, (B) 2% SDS with 20 s lysis, (C) 1% SDS with
30 s lysis, (D) 1% SDS and 7M urea with 30 s lysis. ER-αand GAPDH proteins are fully
denatured in (D). Following the cell lysis, an electric field at 40 V/cm is applied for 20 s to
electrophorese proteins through the 8% T gel.

scWestern reveals subpopulations of ER-α isoforms in
hormone-sensitive BCa

Next, we sought to investigate SP-1 antibody detection of ER-αisoforms from individual
cells in the scWestern, and to measure cell-to-cell variations. To validate ER-αpeaks by
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separation, three housekeeping proteins – α-actinin, β-tubulin (β-TUB), and GAPDH – were
used as reference standards for the Ferguson plot analysis (Figure 4.5C, 4.7A). The higher-
mass peak seen close to the microwell, lying between the α-actinin (100 kDa) and β-TUB
(51 kDa) peaks, indicates ER-α66 (66 kDa) (Figure 4.7A). The lower-mass peak that is
positioned below β-TUB (51 kDa) and above GAPDH (37 kDa) denotes ER-α46 (46 kDa)
(Figure 4.7A). Under electrophoresis in an 8%T polyacrylamide gel, protein mobility follows
a linear and negative association with the log of molecular mass [28, 29]. After conducting
electrophoresis in a constant electric field (40 V/cm) for 30 s, we performed a linear regression
of the protein peak location versus the log of the molecular mass. From the linear fit, we
obtained 0.99 for the R2 value, which confirmed the detection of ER-α66 and ER-α46 in the
scWestern with the SP-1 antibody (Figure 4.7A).

Following the validation of the two ER-α isoforms, we sought to determine the popula-
tion frequencies of these ER-α isoforms in MCF-7 cells. Based on the expression of ER-α66
and ER-α46, we discovered subpopulations with four phenotypes: ER-α66+/ER-α46-, ER-
α66-/ER-α46+, ER-α66+/ER-α46+, ER-α66-/ER-α46- (Figure 4.7B). The ER-α66-/ER-α46-

subpopulation constitutes 65.31% of the population, while 36.65% and 4.25% of the popu-
lation express ER-α66+ or ER-α46+, respectively (Figure 4.7B). A small subset (2.29%) of
the population expresses both ER-α isoforms. The frequencies of cells expressing ER-α as
determined by the scWestern agreed with the frequency of ER-α as determined by FACS
as well as by population-average expression levels of ER-α in slab-gel western blots (Figure
4.1D, 4.7C). The frequency ratio of ER-α66+ to ER-α46+ was 8.62 in the scWestern, which
is comparable to the population-average expression ratio of ER-α66+ to ER-α46+ (8.67) in
the slab-gel Western (Figure 4.7C).

After assessing the frequencies of both ER-α isoforms, we sought to scrutinize the expres-
sion of these ER-α isoforms in individual MCF-7 cells by summing up fluorescence signals
under the ER-α peaks (Figure 4.7D). Protein peaks were calculated by performing Gaus-
sian fitting with an R2 > 0.65 and SNR > 3. In the cells expressing ER-α isoforms, the
median expression level of ER-α66+ was higher than that of ER-α46+ (MedianER-α66 = 1.18
106, nER-α66 = 189; MedianER-α46 = 8.51 105, nER-α46 = 42). ER-α66+ expression was also
less dispersed than that of ER-α46+ (CVER-α66 = 45.2%, CVER-α46 = 99.0%; Figure 4.7E).
Interestingly, we noticed a lower median (MedianER-α66textsuperscript-/ ER-α46+ = 5.26 105, n

ER-α66-/ ER-α46+ = 6) and a narrower distribution (CVER-α66-/ ER-α46+ = 36.4%) of ER-α46 in
the subpopulation with only ER-α46+ cells, compared with subpopulations expressing both
ER-α isoforms, ER-α46 and ER-α66 (Figure 4.7E). Further, in the subpopulation expressing
both ER-α isoforms, expression levels were linearly correlated with the Pearsons correlation
coefficient of 0.70 (Figure 4.7E).
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Figure 4.7: Hormone-sensitive MCF-7 cells exhibit four subpopulations ER-α66+/ER-α46-,
ER-α66-/ER-α46+, ER-α66+/ER-α46+, and ER-α66-/ER-α46-, as identified by the scWest-
ern. (A) Validation of ER-α66 and ER-α46 by comparing peak locations of these ER isoforms
with those of housekeeping proteins. Micrographs of housekeeping proteins and ER-α iso-
forms from an MCF-7 cell are shown on the left. Ferguson plot analysis (molecular weight
vs. protein peak location) with linear regression among housekeeping proteins and ER-α
isoforms (y = -1.33x + 2.90, R2 = 0.99, n = 17 for each protein peak, E = 40 V/cm) is
also shown. (B) Bar graph showing subpopulation percentage of MCF-7 cells expressing
ER-α isoforms (n = 5 devices). (C) Bar graph depicting population-average expression of
ER-α isoforms relative to β-TUB in slab-gel western blotting. Micrographs showing protein
peaks for ER-α isoforms and β-TUB from three replicates of slab-gel western blotting. (D)
A sample of eight single-cell montage micrographs demonstrates bimodal expression of ER-α
isoforms in MCF-7 cells. (E) A false-colored scatter plot represents expression levels of ER-α
isoforms from MCF-7 subpopulations. Each dot represents an individual MCF-7 cell.

scWestern detects a rare subpopulation of truncated ER-α46 in
hormone-insensitive MDA-MB-231 BCa cells

After characterizing ER-α isoforms in MCF-7 cells, we sought to understand the heterogene-
ity of ER-α46 expression in MDA-MB-231 cells. MDA-MB-231 is a triple-negative BCa cell
line that lacks the full-length ER-α66 protein. Cancers with the triple negative genotype ex-
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hibit highly invasive phenotypes [30]. As expected from previous studies, we did not discern
any ER-α66 peaks from individual MDA-MB-231 cells in scWestern blots (Figure 4.8A).
Further, we detected a low-frequency (2.38%) ER-α46+ subpopulation in MDA-MB-231 cells
(Figure 4.8A, 4.8C). This frequency in MDA-MB-231 cells was not significantly different
from the frequency in MCF-7 cells (Figure 4.8C). Interestingly, the single-cell ER-α46 me-
dian expression was appreciably greater in MDA-MB-231 cells than in MCF-7 cells (Figure
4.8B). The CV of ER-α46 expression was lower in MDA-MB-231 cells (72.8%) than in MCF-7
cells (99.0%), indicating narrower ER-α46 dispersion in MDA-MB-231 cells (Figure 4.8B).
The heterogeneous ER-α46 expression pattern suggests that ER-α46 may be involved in non-
classical ER-α signaling pathways and thereby may affect hormone therapies differently in
patients with hormone-insensitive BCa.
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Figure 4.8: scWestern measuring ER-α46 isoform in hormone-insensitive triple-negative
MDA-MB-231 BCa cells. (A) A sample of 12 false coloured single-cell montage micro-
graphs represents cell-to-cell variations in ER-α46 expression in MDA-MB-231 cells. Scale
bar, 250 µm. (B) Boxplots depict ER-αexpression levels and variation, showing differences
between MCF-7 and MDA-MB-231 cells in both expression levels and expression variation
(Kruskal-Wallis test with Dunn and Sidak correction, nMDA-MB-231 = 64 cells, nMCF-7, ER-α66

= 18 cells, nMCF-7, ER-α66 = 139 cells, p < 0.001). (C) Bar graphs illustrate the frequencies
of ER-αisoforms in MDA-MB-231 and MCF-7 cells (n = 5 devices, Anova with Dunn and
Sidak correction, *: significant difference between ER-α46 in MDA-MB-231 cells and ER-α66
in MCF-7 cells, **: significant difference between ER-α46 and ER-α66 in MCF-7 cells, p <
0.05). Differences between ER-α46 in MDA-MB-231 and MCF-7 cells were not significant.
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Hormone-sensitive and hormone-insensitive BCa cells respond
differently to E2 and TAM treatments

In accordance with previous studies, treatment with high-concentration (1 µM) E2 or TAM
decreases population-average ER-α66 expression [31–33]. In hormone-sensitive BCa cells,
E2 stimulation sustains activation of ER-α at the genomic level by inducing proteasome-
dependent degradation of ER-α66 [31, 34, 35]. Given the capability of measuring ER-α
isoforms at a basal level, we sought to investigate the effects of E2 and TAM on ER-α
isoforms at a single-cell resolution. Before the ligand stimulation, we incubated the cells in
charcoal-stripped media for 48 h to eliminate any estrogen activity originating from serum
steroids. Then, we treated cells with 1 µM of either E2 or TAM for 24 h and detached the
cells to perform the scWestern (Figure 4.9A) [36, 37].

In MCF-7 cells, we detected an appreciable decrease in ER-α66 expression in the E2 and
TAM treatment groups, compared with the basal ER-α66 level in the non-treated group
(Figure 4.9B). Intriguingly, the sizes of the ER-α66 subpopulations were not significantly
different between the treated and non-treated groups (Figure 4.9B). In contrast, both the
ER-α46 expression level and the size of the ER-α46 subpopulation remained consistent in the
non-treated and treated MCF-7 groups (Figure 4.9B). We further delved into analyzing the
subpopulation with the ER-α46+/ER-α66+ proteotype and uncovered a decrease in both ER-
α isoforms in response to TAM, yet no difference in ER- isoforms between the non-treated
and E2-treated groups (Figure 4.9C). The decreased expression levels of both ER-αisoforms
in the TAM-treated group concurred with the finding that ER-α66 and ER-α46 coexpression
sensitizes cells to TAM treatment (Figure 4.9C) [19].

In MDA-MB-231 cells, we discovered that ER-α46 expression levels were significantly
lower in the E2- and TAM-treated groups than in the non-treated group (Figure 4.9D). The
decrease in ER-α46 expression level alongside the absence of ER-α66 suggests that MDA-MB-
231 and MCF-7 cells have different molecular mechanisms underlying ER-α expression. With
regard to subpopulation incidence, TAM and E2 do not significantly affect the frequency of
ER-α46+ MDA-MB-231 cells (Figure 4.9D).
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Figure 4.9: Tamoxifen and E2 treatments perturb ER-α isoforms in MCF-7 and MDA-MB-
231 cells. (A) Experimental timeline for drug treatment. (B) Scatter plots (top panel)
represent ER-α expression levels from individual MCF-7 cells with no treatment, E2 treat-
ment, or TAM treatment (Kruskal-Wallis test with Dunn and Sidak correction, *p < 0.001).
Bottom panel: frequencies of cells expressing ER-αisoforms in no-treatment, E2, and TAM
groups (n = 3 devices). (C) Scatterplot representing subpopulations of ER-α46+/ER-α66+

in no-treatment (black), E2 (blue), and TAM (red) groups. Each dot represents ER-α ex-
pression from an individual cell.

Dissection of changes in ER-α signaling pathways in response to
E2 and TAM

Given the multiplexing capability of the scWestern, we scrutinized ER-α signaling pathways
in response to E2 and TAM at a single-cell resolution. ER-α isoforms are associated with
estrogen response (ERE)-dependent, non-ERE, and extra-nuclear ER-α signaling pathways
(Figure 4.10A) [38, 39]. We targeted two proteins associated with each of these signaling
pathways (Figure 4.10B). In the nucleus, ER-αinteracts with p38-MAPK and EGFR in the
ERE-dependent signaling pathway [38, 40]. The alternative, non-ERE signaling pathway is



CHAPTER 4. SINGLE-CELL ANALYSIS OF ESTROGEN RECEPTOR 89

associated with CD44 and cJUN [41, 42]. Lastly, extra-nuclear ER-α interacts with pS6 and
pAKT (phosphorylation at Ser473), which are involved in the PI3K/AKT signaling pathway
and modulate the non-genomic ER-α signaling pathway [38, 43]. Further, we measured
cleaved caspase-8, a biomarker for cell apoptosis [44].

First, we sought to understand the effects of E2 and TAM on protein expression levels
and subpopulation frequencies. In MCF-7 cells, TAM reduced the expression levels of CD44,
cJUN, p38-MAPK, pS6, and cleaved caspase 8 (Figure 4.10C). Similarly, E2 lowered the
expression levels of p38 MAPK and pS6 (Figure 4.10C). In contrast, we did not detect any
significant changes in pAKT, cleaved caspase 8, or EGFR (Figure 4.11A). Interestingly, we
also did not observe any significant changes in subpopulation frequencies, with the exception
of the subpopulation expressing p38-MAPK, which decreased in frequency in response to
TAM treatment (Figure 4.11B). In MDA-MB-231 cells, we found different trends in protein
expression levels after E2 and TAM treatment. In particular, TAM treatment elevated the
expression of cJUN, p38 MAPK, pS6, and cleaved caspase 7, yet lowered pAKT expression
(Figure 4.10C). In conjunction with the elevated cJUN expression level, the subpopulation
frequency of cells expressing cJUN increased after TAM treatment (Figure 4.11B). Similarly,
E2 treatment elevated the expression of cJUN, p38 MAPK, and pS6, yet lowered pAKT
expression. Comparing E2 and TAM expression, we observed a significant increase in p38
MAPK expression and a decrease in pS6 in the TAM group (Figure 4.10D). In both hormone-
sensitive and insensitive BCa, we discovered that E2 and TAM perturbed the expression of
proteins associated with ER-α signaling pathways.

Given the measurement of ER-α-associated proteins at the single-cell level, we mapped
correlation networks that characterize associations between ER-α isoforms and proteins as-
sociated with ER-α signaling pathways. For the analysis, we used Spearmans correlation
coefficients (ρ) with Dunn and Sidak correction and a p value < 0.05. At a basal level,
ER-α46 is strongly associated ( ρ > 0.7) with pS6 and p38-MAPK, while ER-α66 is weakly
associated (0.4 < ρ < 0.5) with pS6 and p38-MAPK in MCF-7 cells (Figure 4.12A, Top).
However, after treatment with E2 and TAM, we discovered different patterns of the correla-
tion map (Figure 4.12A, Top). After E2 treatment, the ER-α46 subpopulation was strongly
associated with the ER-α66 subpopulation (Figure 4.12A). This strong association implies
a molecular mechanism in which ER-α46 and ER-α66 form heterodimers in the presence of
E2 [19, 45].

In the E2 and TAM groups, ER-α46 was no longer significantly associated with p38-
MAPK and pS6. Further, we expanded our analysis of proteins associated with the ER-α
signaling pathway by dissecting the MCF-7 cells into subpopulations with respect to ER-α
isoforms (Figure 4.12B, C). In the MCF-7 subpopulation expressing ER-α46, E2 treat-
ment did not significantly change p38-MAPK expression (Figure 4.12B). In contrast, TAM
treatment significantly decreased p38-MAPK expression in MCF-7 cells, regardless of ER-α
presence (Figure 4.12B). Alternatively, ER-α66 increased interconnectivity with p38-MAPK
and CD44 in response to E2 and TAM treatment (Figure 4.12A). The subpopulation that ex-
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clusively expressed ER-α66 (ER-α66+/ ER-α66-) exhibited an appreciable decrease in CD44
expression after the E2 and TAM treatments (Figure 4.12B). The only subpopulations that
responded to E2 and TAM treatment with a change in pS6 expression were ER-α66+/ER-α46-

and ER-α66-/ER-α46- MCF-7 cells (Figure 4.12B).

Figure 4.10: E2 and TAM effects on proteins associated with ER-α signaling pathways. (A)
Schematic illustrating three different ER-α signaling pathways (ERE-independent, ERE-
dependent, and extra-nuclear). (B) A panel of false-colored micrographs of proteins associ-
ated with ER-α signaling pathways. E2 and TAM treatment affects single-cell expression
levels of proteins related to ER-α signaling pathways in (C) MCF-7 and (D) MDA-MB-231
cells (Kruskal-Wallis test with Dunn and Sidak correction, p < 0.05).
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Figure 4.11: E2 and TAM effects in MCF-7 and MDA-MB-231 cells. (A) Scatter plots
representing changes in expression levels of proteins related to ER-α signaling pathways
in MCF-7 and MDA-MB-231 cells (Kruskal-Wallis test with Dunn and Sidak correction, p
< 0.05). (B) Bar graphs showing subpopulation frequencies before and after E2 or TAM
treatments (Unpaired t test, p < 0.05).
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Figure 4.12: Estradiol stimulation and ER-α inhibition by TAM perturbs ER-α signaling
pathways in MCF-7 and MDA-MB-231 cells. (A) Interaction mapping of ER-α isoforms
with protein targets related to ER-α signaling pathways. Interactions are mapped, with
Spearmans correlations indicated by line thickness as shown in the key, for the E2, TAM,
and no-treatment conditions. Only interactions with the ER-α isoforms are shown, and all
indicated correlations were confirmed with a Dunn and Sidak corrected p-value test (p <
0.05). (B) Scatter plots represent p38-MAPK, CD44, and pS6 expression levels in MCF-7
subpopulations with different ER-α isoforms, before and after the E2 and TAM treatments.
(C) Scatter plots representing pAKT, cJUN, and pS6 expression levels in MDA-MB-231
subpopulations with and without ER-α46 before and after the E2 and TAM treatments.
(**: significant difference from the E2 group, ***: significant difference from the TAM
group, Kruskal-Wallis test with Dunn and Sidak correction, p < 0.05).

In the MDA-MB-231 cells, ER-α46 was associated with p38-MAPK, cJUN, pAKT, and
pS6 at the basal level (Figure 4.12A, Bottom). However, after treatment with either E2 or
TAM, associations between ER-α46 and any of the other targeted proteins were lost (Figure
4.12A). This striking loss of interconnectivity with ER-α46 after E2 and TAM perturbations
indicates that the ER-α signaling pathways in MDA-MB-231 cells are wired differently from
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those in MCF-7 cells. Specifically, the pAKT expression level decreased in the ER-α46+

MDA-MB-231 subpopulation after TAM treatment (Figure 4.12C). In contrast, E2 and TAM
treatment increased pS6 expression in the ER-α46+ subpopulation (Figure 4.12C). Regarding
cJUN expression, TAM significantly affected only the subpopulation that lacked ER-α46
(Figure 4.12C). The correlation mapping and the assessment of ER-α subpopulations suggest
that potential targets of TAM include CD44 and pS6 for ER-α66+/ER-α46- BCa, p38MAPK
for ER-α66+/ER-α46+ BCa, and pAKT for ER-α66-/ER-α46+ BCa.

4.4 Discussion and Conclusion

Accumulating evidence for the importance of ER-α isoforms in hormonal therapy has indi-
cated the need for single-cell technology for measuring isoform heterogeneity and delineating
interactions with proteins associated with the ER-α isoforms in BCa. Consequently, we
report on an scWestern approach capable of distinguishing between full-length ER-α66 and
truncated ER-α46 by coupling electrophoretic separation of proteins to antibody multiplex-
ing for detection. Such a single-cell cytometry method has not been previously available, as
immunoassays are insufficiently selective due to the high percentage of amino-acid sequence
overlap between ER-α46 and ER-α66.

After exhaustive antibody validation and lysis optimization, the scWestern readily mea-
sured, for the first time, the abundance of cells expressing the different ER-α isoforms and
variations in ER-α isoform expression, from hundreds of BCa cells. We found four differ-
ent subpopulations within MCF-7 cells, based on ER- isoform expression: bimodal ER-α
(ER-α66+/ ER-α46+), unimodal ER-α (ER-α66+/ ER-α66-, ER-α66-/ ER-α46+), and lack-
ing ER-α (ER-α66-/ER-α46-). In the bimodal ER-α subpopulation, ER-α66 and ER-α46
expression levels were positively correlated, both at the basal level and after E2 treatment.
The positive correlation between the ER-α isoforms complements the previous finding that
ER-α46, a splice variant of ER-α66, dimerizes with ER-α66 to modulate BCa proliferation
[19].Although the subpopulation of MCF-7 cells expressing ER-α46 was small (< 10% of
cells), this subpopulation was more dispersed than the subpopulation expressing ER-α66.
Thus, the diverse subpopulations and variations of cells expressing ER-α indicate that ER-α
transcription activity may widely affect response to E2 and TAM ligands.

Traditionally thought to be non-respondent to TAM treatment, MDA-MB-231 is a classi-
cal triple-negative BCa cell line (full length ER-α66-, PR-, HER2-). However, several studies
have reported that 5-10% of ER-α66- BCa are sensitive to TAM, presenting the possibility of
a role for splice variants in TAM sensitivity [1, 5]. Here, we report that ER-α46 is expressed in
MBA-MD-231 cells. In fact, we detected a small subpopulation (2%) of MDA-MB-231 cells
that have a higher expression level of ER-α46 than MCF-7 cells. This ER-α46 heterogeneity
in the absence of ER-α66 implies that ER-α signaling pathways are regulated differently in
MDA-MB-231 cells. By extension, this raises the possibility that ER-αsignaling pathways
are regulated differently in triple negative BCa, compared with ER-α+ BCa.
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Besides characterization of ER-α isoforms in BCa, we perturbed the ER-α signaling path-
ways with E2 and TAM treatments and analyzed the effects of these treatments through
multiplexing of ER-α isoforms and upstream proteins that interact with ER-α. In agreement
with previous studies, the E2 and TAM treatments reduced ER-α66 expression in MCF-7
cells [46]. Further, the scWestern found that TAM lowered ER-α46 expression in the MCF-7
subpopulation that expressed both the ER-α66 and ER-α46 isoforms. The TAM treatment
also significantly lowered p38-MAPK expression levels in these subpopulations, suggesting
the involvement of an ERE-dependent mechanism in the ER-α signaling pathway. Alterna-
tively, the reduced CD44 and pS6 expression levels in the ER-α66+/ ER-α46- subpopulation
after the TAM and E2 treatments suggest that both non-ERE and extra-nuclear mechanisms
also play significant roles in BCa hormonal regulation. Interestingly, a decrease in pAKT
and an increase in pS6 in the ER-α46+ MDA-MB-231 cells after TAM treatment implies that
ER-α46 is involved in extra-nuclear ER-αsignaling mechanisms.

Taken together, the scWestern unveiled the presence of ER-α isoform heterogeneity in
both hormone-sensitive and hormone-insensitive BCa. Further investigation of p38 MAPK,
CD44, pAKT, and pS6 needs to be performed to clarify the exact mechanisms underlying
the genomic and non-genomic ER-α signaling pathways. Such research could also uncover
potential biomarkers for hormonal therapy response. Finally, we will measure ER-α isoforms
in patient-derived biospecimens before and after hormonal therapy. Given the sweeping
importance of truncated oncoprotein isoforms in the development of drug resistance and
as potential therapeutic targets, high-selectivity cytometry assays – such as that described
here – are a critical missing component for pinpointing cancer with personalized therapies
to benefit patients.
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Chapter 5

Integrating sample preparation and
size exclusion electrophoresis to
measure binding affinity

5.1 Introduction

Receptor-ligand interactions dictate cellular processes involving metabolism [1, 2], growth [3,
4], differentiation [5, 6], and migration [7, 8]. Quantitatively analyzing the receptor-ligand
kinetics would be essential in delineating biological processes as well as engineering drugs to
treat cancer and other chronic diseases. For instance, G-protein-coupled receptor (GPCR) is
an exemplary protein target that highlights the importance of quantitating binding kinetics.
To engineer ligands for the GPCR in pharmacology, equilibrium dissociation rate (KD) based
on three different conformations of the GPCR complex needs to be carefully considered [2]. In
addition to the equilibrium kinetics of the GPCR and the ligand, binding and dissociating
rates at a non-equilibrium state are critical parameters as the activation efficiency of the
GPCR signal transduction relies on the life span of the GPCR-ligand complex [1, 2].

Standard analytical assays to measure the ligand-receptor interactions involve surface
modifications or electrophoresis. In the surface-based methods, surface plasmon resonance
[9, 10] and enzyme linked immunosorbent assays (ELISA) [11, 12] are conventionally used
to assess KD of a ligand-receptor complex. Despite the accurate KD measurements from
these assays, the transport limited regime in the surface reaction considerably delays the
equilibrium time and leads to high sample consumption [9, 11, 13]. More importantly, these
surface-based assays do not directly measure association and dissociation rates that are cru-
cial in analyzing the cellular signaling transduction. Alternative method to detect molecular
interactions uses separation by physicochemical properties of proteins (e.g. size, charge) in
capillary or microfluidic platforms [14–19]. These solution-based and homogeneous assays
enable high throughput kinetic measurement in a microfluidic array format that reduces
sample consumption [18, 19]. Yet, these surface-based and separation-based assays require
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to prepare samples with serial dilution points of ligand with ¿2 orders of magnitude in the
concentration range [11, 16, 18, 19].

The sample preparation can be further realized and improved by exploiting physics at the
microscale. In a typical microchannel with ¡ 1 mm in one dimension, viscous forces dominate
over inertial forces that molecular diffusion governs the mass transport in a predictable
manner. This microscale diffusion is leveraged in T-sensor and H-filter microfluidic devices
to generate serial dilutions and gradient generations of molecules for applications in analytical
chemistry [20–22]. In this chapter, by generating a spatial concentration gradient of receptor
and loading an uniform concentration of ligand, we minimize possible handling errors and
reduce sample consumption and preparation time required to make serial dilutions. With
careful design and calculations, we design, characterize, and develop a microfluidic platform
that improves sample preparation and integrate with a backend electrophoretic assay to
measure the receptor-ligand binding kinetics in a single device run.

5.2 Materials and Methods

Reagents and Samples

Isopropanol and 10x tris-glycine buffer for washing and electrophoretic buffer were pur-
chased from Sigma Aldrich. Alexa Fluor 488 labelled ovalbumin anti-mouse antibody (sc-
65984) was purchased from Santa Cruz Biotechnology. Alexa Fluor 555 labelled ovalbumin
(OVA) and bovine serum albumin (BSA) were purchased from Thermofisher Scientific. For
polyacrylamide polymerization, 30% (w/v) (29:1) acrylamide/bisacrlyamide (Sigma Aldrich)
and VA-086 photo initiator (Wako Chemicals) N-[3-[(3-Benzoylphenyl)-formamido]propyl]
methacrylamide (BPMAC, PharmAgra Laboratories) were used. GelBond polyester film
was purchased from Lonza. The mylar photomask was printed from CAD/Art Services.

Microfluidic Affinity Device Fabrication

The 3M adhesive layer with the channel design and the polyester lid patterned with inlet
and outlets were cut with a laser cutter (H-Series Desktop CO2 Laser, Full Spectrum Laser)
and cleaned by vacuuming and applying scotch tape along all features on the layer. After
carefully aligning the polyester layers with the adhesive layer, heat and pressure were applied
using a laminator (Omega Laminator A4).

Polyacrylamide Gel Fabrication in the Mircrofluidic Affinity
Device

The microfluidic device was pre-treated with 6% BPMAC in isopropanol for 30 s and cleaned
with water twice. A 10% acrylamide solution with 1% (w/v) VA-086 photoinitiator was
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degassed for 5 min and filled in the microfluidic device via ports. The photomask (CAD/Art
Services) was aligned below the microfluidic device and exposed to UV (OAI model 30
collimated UV light source) for 60 s at 20 mW/cm2.

Imaging

Inverted epifluorescence microscope (Olympus IX51) with a motorized stage (Applied Sci-
entific Instrumentation, MS-2000) and an X-cite mercury light source (Lumen Dynamic)
was used for imaging inside the microfluidic device. With 200 msec exposure time, 2x-
objective (N.A. = 0.08, Olympus) brightfield and fluorescence images were taken with a
Peltier cooled charge-coupled device (CCD) camera (CoolSNAP HQ2, Roper Scientific).
Standard FITC/GFP (Chroma 41017) and Cy3, Texas Red (Omega XF1112) filter cubes
were used to detect fluorescence-tagged proteins. Image analysis was performed with ImageJ
software.

Finite Element Simulation

We simulated the protein loading in a 2D environment using COMSOL Multiphysics version
5.0 (COMSOL Inc.). The device geometry was drawn in Adobe Illustrator and exported
to COMSOL. Laminar flow module was used with no-slip wall boundary conditions. For a
migration of proteins due to pressure-driven flow and electric field, the ’Transport of Diluted
Species’ physics module was applied. We assumed that protein concentrations do not affect
physical properties of fluids or gels. For an electrical field, a voltage of 600V is applied across
the channel length. The 600 voltage potential difference gives an electrical field of 300 V/cm.

5.3 Results and Discussion

Integrating size exclusion electrophoresis with protein sample
preparation in adhesive microfluidics

We sought to increase throughput with sample handling and collection by developing an ad-
hesive microfluidics system that integrates polyacrylamide gel filtration with sample prepara-
tion. The microfluidic affinity assay consists of the sample preparation module with capillary
loading of ligand and receptor proteins (Figure 5.1). By modulating the capillary driven flow
in the H-filter channel design, a spatial gradient with receptor concentration was generated
within minutes as a surrogate for a standard sample preparation for KD measurement, which
involves serial dilutions of the receptor (Figure 5.1B). Following the sample preparation mod-
ule, the gel filtration module measures ligand-receptor interaction by using size exclusion to
immobilize ligand-bounded receptors (i.e. antibody) at a solution-to-gel interface (Figure
5.1B).
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The adhesive microfluidic is a cost-effective (< $5 per device) technique that enables
rapid fabrication and iterations with various channel designs. The microfluidic device is
comprised of an adhesive sheet pressured and laminated between two Gelbond® flexible
polyester films (Figure 5.1A). After laser cutting with a specific channel design, the adhesive
sheet with 60-µm thickness served as a channel wall and enabled fluid transport between the
hydrophobic surfaces of the two polyester films (Figure 5.1A). With multiple inlet and outlet
ports, a precursor solution of polyacrylamide gel was filled inside the channel and left out at
room temperature for 5 min to equilibrate pressure inside the channel (Figure 5.1B). Using
a photomask with a rectangular hole, a polyacrylamide gel was photo-polymerized below the
size exclusion zone by exposing under UV for 30 s (Figure 5.1B).
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Figure 5.1: Design and fabrication of the microfluidic affinity assay. (A) The microfluidic
device is fabricated by sandwiching an adhesive layer with two polyester films. A laser cutter
is used to exclude an adhesive layer with a channel design and pattern the top polyester layer
with inlet and outlet ports. Heat and pressure were applied to completely seal between the
polyester films. (B) The microchannel was filled with polyacrylamide precursor solution.
Using a darkfield photomask, a polyacrylamide gel was polymerized at a desired location
above the B-2 outlet port.
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Characterization of the microfluidic affinity assay for sample
preparation

First, using a finite element simulation (COMSOL®), we sought to investigate whether
spatial gradient and uniform distribution of protein concentration could be generated by a
capillary-driven flow. For following simulation and experiments, we used ovalbumin (OVA)
IgG antibody as a receptor and OVA as a ligand. With defined channel width (1.5 mm) and
depth (60 µm) of the microfluidic affinity assay, Reynolds dimensionless number indicates
that laminar flow is present in our device (Equation 5.1):

Re =
vLρ

µ
=

(0.0001m
s

)(0.0015m)(1000 kg
m3 )

0.01 kg
m•s

= 0.02� 1 (5.1)

Re = Reynolds number, v = the average velocity of the flow (simulated at pressure of
0.1 Pa in COMSOL), L = diameter of channel, µ = viscosity of water, ρ = water density.

Under this laminar flow, injection of the antibody solution (1 mol/m3, 1 mM) at the S-1
port and water at the S-2 port with equal volumes generated a spatial gradient concentra-
tion of antibody across the width of the channel (Figure 5.2). The slope of the antibody
concentration across the channel width varies according to the channel length: the slope is
large yet non-linear (0 – 1 mol/m3) near the inlet area (S ports), while the slope is low yet
linear near (0.1 – 0.4 mol/m3) near the outlet area (W ports, Figure 5.2).
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Figure 5.2: Generating OVA antibody concentration gradient across the channel width with
a H-filter microchannel design.

Next, we further investigated whether the spatial gradient of antibody concentration
was maintained when an electric field was applied to migrate and immobilize the antibody
at the size exclusion zone (10% polyacrylamide gel). As expected, the spatial gradient of
the antibody concentration across the channel width was remained at the exclusion zone.
Additionally, we observed that the antibody stacking at the exclusion zone as the electric
field duration increases: the antibody concentration was more than 3-fold greater at the 50
s than the 5 s (Figure ??).
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Figure 5.3: Immobilization of OVA antibody at the size exclusion zone between the solution
and the polyacrylamide gel during an electric field at (A) 2 s, (B) 5 s, (C) 20 s. (D) A
concentration gradient of the antibody at the exclusion zone across the channel width.

In order to measure ligand-receptor affinity in the microfluidic device, we further exam-
ined whether a uniform concentration of ligand across the channel width could be achieved
at the size exclusion zone. After loading OVA at the S-1 and S-2 ports with equal volumes,
the branch channel connecting the S-1 and S-2 ports was filled with OVA (Figure 5.1B).
With an applied electric field at 300 V/cm across the B-1 and B-2 ports, an uniform OVA
concentration across the width was electrophoresed through the exclusion zone in 30 s (Fig-
ure 5.4 A, B). The electric field would be turned off when the OVA reaches the exclusion
zone so that OVA binds with the antibody in an equilibrium state. At the exclusion zone, we
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found a uniform OVA concentration across the channel width varying less than 0.05 mol/m3

(Figure 5.4 C). After binding, the electrical field would turn on again to wash away any
non-bounded OVA and measure dissociation constant rate.

Figure 5.4: Loading spatially uniform concentration of OVA in the microfluidic affinity assay.
Electromigration of OVA by applying electric field (300 V/cm) at (A) 20 s and (B) 25 s. (C)
Uniform concentration of PSA across the channel width was achieved at the size exclusion
zone.

After studying in the finite element simulations, we performed the sample preparation
module experimentally to compare with the simulation results. The microfluidic affinity
device was assembled with the 10%T polyacrylamide gel polymerized above the B-2 port.
Large receptors (e.g. antibody IgG; 150 kDa) were immobilized at the size exclusion zone,
while small ligands (OVA; 42.7 kDa) sieved through the zone (Figure 5.5A). Instead of using
molecular weight cut-off (MWCO) or photoactive gel techniques [23, 24], an immobilization
technique by manipulating a gel density and an antibody molecular size is simple and requires
no further chemical modifications. With an electrical field, the receptor with the spatial
concentration gradient electromigrated and immobilized at the size exclusion zone (Figure
5.5B, step 1). Then, a ligand with a spatially uniform concentration was added at W ports to
form a uniform concentration gradient across the 1.5 mm channel width (Figure 5.5B, step
2). With the same electric field (300 V/cm), the ligand bound with immobilized receptor
at the zone when the ligand with the spatially uniform concentration was electromigrated
through the zone. By measuring fluorescence from the ligand bounded at the zone, KD would
be estimated in a single device run (Figure 5.5B, step 3).
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Figure 5.5: Microfluidic affinity device couples spatial gradient generation of protein con-
centration and electrophoretic size exclusion. In the sample preparation, the H-filter design
with S and W ports enables to generate (1) gradient of receptor concentration and (2) uni-
form ligand concentration across the microchannel width. Following the sample preparation,
the receptor gets immobilized at the size exclusion zone, formed between the solution and
the polyacrylamide gel interfaces. The electromigrated ligand dwelled at the size exclusion
zone for binding. The ligand fraction, bounded with the receptor remained at the zone, was
measured after washing.

We further investigated performance of the sample preparation at the size exclusion zone
by measuring fluorescence from fluorescence-labelled proteins. We measured the fluorescence
intensity of OVA antibody at the exclusion zone as the antibody was electrophoresed to the
zone (Figure 5.5, 5.6). Similar to the simulation data, we observed the OVA antibody
stacking at the exclusion zone (Figure 5.5, 6). The antibody was enriched at the exclusion
zone by a preconcentration factor of 2 within 5 min of electrophoresis (Figure 5.6). After
the antibody stacking, the electric field was turned off to examine the antibody diffusing
out of the exclusion zone. We observed the antibody remained immobilized at the zone and
the spatial gradient of the antibody concentration retained at the zone for ¿ 80 min (Figure
5.7).
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Figure 5.6: Immobilizing the receptor at the size exclusion zone. (A) Micrographs of the
receptor electromigrating to the zone and immobilizing at the polyacrylamide gel front. 300
V/cm was applied. (B) Mean fluorescence from receptor measured at the size exclusion zone
over the electrophoresis time.
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Figure 5.7: Receptor immobilizes at the size exclusion zone, and the receptor concentration
gradient remains unchanged over electrophoretic washing.

Having established the spatial gradient of the antibody concentration, we sought to ex-
amine the ligand-antibody binding at the exclusion zone by taking average fluorescence
across the channel width. Used as a positive control, OVA remained bounded with the OVA
antibody at the zone (Figure 5.8). The OVA intensity profile matched with that of OVA
antibody; for both intensity profiles, the maximum fluorescence was measured at 75 µm with
OVA and OVA antibody peak amplitudes 2-fold greater than the background signal. On
the other hand, as expected, BSA did not bind with the OVA antibody and electrophorese
through the zone (Figure 5.8).
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Figure 5.8: Binding of OVA and OVA antibody at the size exclusion zone. Fraction of (A)
OVA remains at the size exclusion zone with the OVA antibody after washing at 300 V/cm,
while (B) BSA does not bind and remain at the size exclusion zone.

Dissociation constant measurement in a single run with the
microfluidic affinity device

Following characterization of the sample preparation and the polyacrylamide gel filtration
modules, the microfluidic affinity device was run to measure KD of OVA and OVA antibody.
In order to measure the KD, we developed calibration curves for OVA and OVA antibody to
extract concentration values based on fluorescence measurements (Figure 5.9). Fluorescence
intensity and protein concentration followed a linear relationship in nanomolar concentration
ranges. For both OVA and OVA ab calibration curves, linear regression was fit with R2 >
0.9 (Figure 5.9) and applied to measure protein concentrations at the size exclusion zone. Of
note, the OVA concentration range is a 10-fold greater than the OVA antibody concentration
range in order to estimate KD in an assumption that an excess amount of OVA is present
compared to OVA antibody.
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Figure 5.9: Calibration curves for fluorescence-tagged OVA and OVA antibody to extract
amount of protein concentration based on fluorescence.

At the size exclusion zone in the microfluidic affinity device, a bimolecular binding reac-
tion of OVA and OVA antibody is:

[OV A] + [OV A Ab]
kon−−⇀↽−−−
koff

[OV A : OV A Ab] (5.2)

KD, defined as koff/kon, is measured by:

[OV A : OV AAb]

[OV A]
= fmax(

[OV AAb]

[OV AAb] +KD

) (5.3)

where fmax is the fraction activity of OVA with OVA antibody at an excess concentration
of OVA.

With a constant concentration of OVA and gradient concentrations of OVA antibody, KD

can be solved with the equation 5.2. With a fluorescent labeling on either OVA antibody or
OVA, the equation 5.2 can be modified, and KD can be directly measured by the fluorescence
level of bimolecular complex, OVA:OVA Ab:

[OV A : OV AAb] = [OV A : OV AAb]max(
[OV AAb]

[OV AAb] +KD

) (5.4)

where OVA:OVA Ab is the amount of fluorescence emitted from the binding formation
[25]. Following the KD measurement, an electric field of 300 V/cm was applied continuously
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with a washing buffer (1x tris-glycine buffer) at the size exclusion zone to measure OVA
fluorescence. The decrease in OVA fluorescence over time is analyzed by fitting with an
exponential decay to estimate the dissociation rate (koff) for OVA isolating from the OVA
antibody:

%OV A Bound = e−koff t (5.5)

With the microfluidic affinity device, KD and koff values of OVA and OVA antibody are
23 nM and 1.67 x 10-4 s-1, respectively (Figure 5.10). Because the KD is a ratio of the
dissociation (koff) to association (kon) rates, the association rate (kon) value is calculated
to be 1.2 x 10-4 s-1 M-1. The KD value (23 nM) of OVA and OVA antibody measured
from the microfluidic affinity device agreed with the value (~ 20 nM) measured by standard
ELISA (Figure 5.10) [11]. The additional koff measurement from the microfluidic affinity
device is crucial for ligand-receptor discovery that KD alone does not provide; koff and kon

measurements enable to discern ligand-receptor complexes that have the same KD values but
different koff and kon values. Especially, the ligand-receptor lifespan (koff) controls activation
of biological processes, ranging from endocytosis [2, 26, 27] to signal transduction pathways
[28, 29].

Overall, we developed an integrated microfluidic system that increases the throughput
of sample preparation to measure the affinity of protein interaction. By directly measuring
both KD and koff within hours, the microfluidic affinity device holds a great potential for
massively developing and screening drugs in pharmacology.
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Figure 5.10: Measurement of KD in the microfluidic affinity assay in a single run. (A, B)
After binding of OVA and OVA antibody at the size exclusion zone, the fraction of OVA
bound was measured with fluorescence across the channel width. KD value was extracted
by plotting the fraction of receptor-bounded OVA versus the concentration gradient of OVA
antibody across the channel width.(C) By continuously electrophoresing with 1x tris-glycine,
koff is calculated by fitting % bound over time with the exponential decay curve. % Bound
= e(-0.000167t), R2 = 0.99, koff = 0.000167 s-1.
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Chapter 6

Conclusions and Future Directions

In this dissertation, we developed microfluidic devices that address challenges in collect-
ing and interpreting protein information for precision medicine. We sought to investigate,
characterize, and reduce the assay variability in sample preparation and protein analysis.
By integrating sample handling with protein separation, we were able to achieve quantita-
tive analysis of proteins from a low-number starting sample, estrogen receptor isoforms in
response to hormone treatments, and protein binding kinetics. Moreover, the open microflu-
idic platform enables incorporation of microparticle-delivered protein markers for evaluating
the chip-to-chip reproducibility and the sizing performance in the single-cell protein separa-
tion. For future directions in precision medicine and biomarker discovery, the workflow from
sample collection to protein analysis needs to be fully automated and standardized to limit
the addition of technical variabilities to complex biological systems. With specific regard to
the single-cell protein assay improvement, we need to further develop the integrated assays
that can massively record protein dynamics and post-translational modifications in order to
provide quantitative analysis of signaling pathways, critical for personalized medicine.




