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Abstract

Mechano-NPS and Visco-NPS: Microfluidic Approaches to Single-Cell Mechanics
By
Junghyun Kim
Doctor of Philosophy in Engineering - Mechanical Engineering
in the Graduate Division of
the University of California, Berkeley
Professor Lydia L. Sohn, Chair

The mechanical properties of cells provide valuable information regarding biological and
clinically relevant cellular characteristics. In this dissertation, we demonstrate two new
microfluidic platforms, mechano-node-pore sensing (mechano-NPS) and visco-node-pore
sensing (visco-NPS), to characterize cellular mechanical behavior. Mechano-NPS is a multi-
parametric single-cell-analysis method to quantify simultaneously cell diameter, resistance to
compressive deformation, transverse deformation under constant strain, and recovery time
after deformation. We define a new parameter, the whole-cell deformability index (wCDI),
which provides a quantitative mechanical metric of the resistance to compressive deformation
that can be used to discriminate among different cell types. The wCDI and the transverse
deformation under constant strain show malignant MCF-7 and A549 cell lines are
mechanically distinct from non-malignant, MCF-10A and BEAS-2B cell lines. We categorize
cell recovery time and show that the composition of recovery types, which is a consequence of
changes in cytoskeletal organization, correlates with cellular transformation. Through the
wCDI and cell-recovery time, mechano-NPS discriminates between sub-lineages of normal
primary human mammary epithelial cells. Mechano-NPS identifies mechanical phenotypes
that distinguishes lineage, chronological age, and stage of malignant progression in human
epithelial cells.

Visco-NPS is a new, electronic-based, microfluidic rheology platform that quantifies cellular
viscoelastic properties under periodic deformation. We measure the storage (G’) and loss (G”)
modulus of individual cells, which represent cellular elasticity and viscosity, respectively. By
applying a wide range of deformation frequency, our platform quantifies the frequency
dependency of viscoelastic properties. The measurement of G’ and G” shows that malignant
breast epithelial (MCEF-7) cells have distinctly different viscoelastic properties as compared to
non-malignant breast epithelial (MCF-10A) cells. With its sensitivity, visco-NPS is able to
dissect the individual contributions of different cytoskeletal components, i.e. actin filaments
and microtubules, to whole-cell mechanical properties. Through G’ and G”, visco-NPS can also
quantify the mechanical transitions—a consequence of changes in cytoskeletal organization
and nucleus structure—that cells undergo as they traverse the cell cycle. visco-NPS identifies
viscoelastic characteristics of cells, which can provide both a biophysical understanding of
cellular behavior and a potential for clinical applications.
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1 INTRODUCTION

Chapter Overview
This introduction summarizes the motivation for the research and the organization of the
chapters in this dissertation.

1.1 Motivation

Cellular mechanical properties correspond to the biological status and function of cells and
originate from the structure and dynamics of their intracellular components. To quantify the
mechanical characteristics of cells, various methods have been developed (Figure 1.1). As a
gold standard, Atomic Force Microscopy (AFM) (1-3) and micropipette aspiration (4, 5) have
been widely used. However, they are burdened by slow analyzing speed, only just a few cells/hr
(6, 7). Similarly, other traditional measurements—optical tweezers (8, 9) and microplate
rheometer (10)—also suffer from low throughput. Given these circumstances, new approaches
to mechanical phenotyping are replacing these traditional measurements. For example,
hydrodynamic stretching cytometry (11), suspended microchannel resonators (SMR) (12),
and real-time deformability cytometry (RT-DC) (13, 14) have been developed for high-
throughput analysis. Even though these methods introduce efficient ways of mechanical
phenotyping for identifying specific cell types, they do not provide the means to screen
complex cellular mixtures and to investigate basic cellular mechanics. Thus, despite the many
different platforms for cell mechanical measurements that exist today, none thus far have been
able to provide a robust screening platform and a comprehensive view of cellular mechanics.

This dissertation describes two new microfluidic approaches to quantify mechanical
characteristics of single-cell populations. First, a novel microfluidic platform called “mechano-
Node-Pore Sensing” (mechano-NPS) is introduced. Mechano-NPS involves integrating a
node-pore sensor (15, 16) with a contraction channel and performing a four-terminal
measurement of the current across the integrated microfluidic channel. Using this electronic-
based method, mechano-NPS quantifies simultaneously four different biophysical properties
of a single cell: free-cell size, amount of deformation, resistance to compressive deformation,
and recovery time after releasing from the deformation. Mechano-NPS provides the means to
use these biophysical parameters as label-free biomarkers for identification and differentiation
among cell types and, uniquely, to determine the effects of chronological age and malignant
progression based on cell elasticity and recovery from deformation.



Second, visco-node-pore sensing (visco-NPS), a method to measure viscoelastic properties of
cells, is also introduced. Visco-NPS employs a rheological approach by including a contraction
channel with periodically changing width to induce oscillating deformation to cells. By
integrating this channel with a node-pore sensor (15, 16), visco-NPS enables the measurement
of the storage (elasticity) and loss (viscosity) modulus of cells. This microfluidic rheology
platform successfully quantifies differences in viscoelastic properties between malignant and
non-malignant breast epithelial cells. The contribution of cytoskeletal components including
actin filaments and microtubules to whole cell viscoelastic properties can be analyzed. In
addition, this approach enables evaluation of the effects of dynamic cellular transitions that
occur during different cell-cycle phases on the mechanical behavior of cells.

Microfluidic Rheology
S/

Microfluidic
Cytometry
Mechano-NPS

r s

=]

Qo

<

(2} . .

3 Micropipette

c Aspiration

|_

‘ .
Microplate Optical Microbeads
Rheometer Tweezer Rheometer
Phenotypes Properties i

Figure 1-1. Comparison of mechano-NPS and visco-NPS to existing platforms used to quantify
cellular mechanical properties.

1.2 Organization of the Dissertation

This dissertation begins with an introduction to resistive pulse sensing, node-pore sensing, and
single-cell mechanics. Thereafter, this dissertation delves into the development and
applications of a mechano- and visco-NPS. Finally, this dissertation concludes with key
findings and recommendations for future research.

e CHAPTER 1. INTRODUCTION

This introduction summarizes the motivation for the research and the organization of
the chapters in the dissertation.

e CHAPTER 2. THEORETICAL CONSIDERATIONS



This chapter provides a theoretical consideration of resistive-pulse sensing, node-pore
sensing, contraction-based cellular deformation, and rheological approach to single-
cell mechanics.

CHAPTER 3. DEVICE FABRICATION AND MEASUREMENT

This chapter presents descriptions of device fabrication procedures and equipment set
up for the measurement.

CHAPTER 4. MULTI-VARIABLE MECHANICAL PHENOTYPING
This chapter introduces a microfluidic platform for mechanical phenotyping of cancer
cells, describes detailed experimental methods, and presents data of malignant and
non-malignant epithelial cells acquired from the microfluidic platform.

CHAPTER 5. MECHANICAL PHENOTYPING OF HUMAN
MAMMARY EPITHELIAL CELLS

This chapter describes the pre-clinical study of human mammary epithelial cells using
the assay that was introduced in Chapter 4.

CHAPTER 6. MICROFLUIDIC RHEOLOGY THROUGH VISCO-
NODE-PORE SENSING

This chapter introduces a new microfluidic approach to quantify viscoelastic
properties of cells in a high-throughput manner. The detailed experimental methods
and results are presented to show its capability to compare mechanical properties of
various cell lines and to evaluate the contribution of sub-cellular components to whole-
cell properties.

CHAPTER 7. CELLULAR TRANSITION AND MECHANICAL

PHENOTYPING

This chapter explores the application of cellular mechanical phenotyping through
microfluidic approaches. In particular, Epithelial to Mesenchymal Transition (EMT)
and tissue growth potential of Nucleus Pulposus Cells (NPCs) are screened for their
mechanical phenotypes.

CHAPTER 8. CONCLUSION AND FUTURE RESEARCH

This chapter summarizes the results of the dissertation research and provides overall
conclusions and recommendations to academic scholars about single-cell mechanics.



2 THEORETICAL CONSIDERATIONS

Chapter Overview

This chapter provides the detailed theory behind resistive-pulse sensing (RPS), node-pore
sensing (NPS), contraction-based mechanical phenotyping, and rheological approaches for
single-cell mechanics. It details how RPS and NPS can be used to monitor the changes in
electrical resistance in a microfluidic channel when a particle transits through and how such
changes provide information on particle size and transit time. As well, this chapter also present
principles of compressive mechanical phenotyping of cells, and describes single-cell rheology
and the corresponding mechanical models to quantify viscoelastic properties of cells.

2.1 Principles of Resistive Pulse Sensing

Resistive-pulse sensing (RPS), also called the Coulter-counter technique (17, 18), has been used
as a label-free method for detecting and characterizing biological samples, such as sizing
various cells (15, 19, 20), detecting viruses (21, 22), and measuring cellular responses to stimuli
(16, 23). The basic principle of RPS is measuring the change of electric current or resistance
across a pore when a non-conductive particle passes through it (Figure 2-1). As such a particle
transits a pore, it partially blocks the flow of current, resulting in a temporary decrease of the
current. Once the particle exits from the pore, the current returns to the baseline value ().
By analyzing width and height of the current drop, we can quantify the particle size and transit
time.
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Figure 2-1. Principle of resistive pulse sensing. A, Top (top) and Side (bottom) view of the RPS
platform. Red circles indicate a non-conductive particle in the channel. B, Electric-current pulse



produced by a particle transiting through the channel. Numbers correspond to positions of the
particle in A. Iy, denotes the baseline value of the electric current.

2.1.1 Particle Size Determination with RPS
RPS allows us to measure the size of particle in a pore by analyzing the change of electrical
resistance. By the definition of electrical resistivity, the resistance of the pore (R) is

R=pf dz =4pL @1
Apore(z) mD? '

where p, Apore, and L denote the electrical resistivity of the fluid and the cross-sectional area
and length of the pore, respectively. When a non-conductive particle enters the pore, it
displaces an equivalent volume of conductive fluid (Figure 2-2). This consequently increases
the resistance across the pore at that time point. The increase in resistance (AR) is

AR = f dz f dz (22)
P Apore (Z) - Aparticle (Z) p Apore (Z) '

where Aparice represent the cross-sectional area of particle.

A
Y

Pore

Figure 2-2. Definition of variables. Cross-sectional view of a spherical, non-conductive particle
(red) in a pore. D and d are the diameter of particle and pore, respectively. L represents the length
of the pore.

The solution to Equation (2.2) is dependent on the particle size relative to that of the pore.
When the particle is infinitely small, the relative increase in resistance (AR/R) is



AR /R _d3 /DZL (2.3)

where d, D, and L are the diameter of the particle and the diameter and length of the pore,
respectively.

When the particle has a size that is relatively smaller than that of the pore (d<D), Deblois and
Bean showed that the solution of Equation (2.2) is based on the distribution of the electric field
lines around the particle (24). In this case, the increase of resistance is,

(2.4)

AR  d® [D? N 1 P d?
R D2L|2L?  [14 (D/L)?] \D3
where F(d’/D%) is a numerical correction factor given by Deblois and Bean.

As the particle diameter approaches that of the pore diameter (d~D), Equation (2.4) is no
longer applicable. In this case, and as Gregg and Steidley had examined in the limit of d <D
(25), the pore cross-sectional area without the particle is A(z) = wD? /4, and with particle is
A(z) = m(D? — d? + 42?%) /4. Substituting A(z) into Equation (2.1) and (2.2), the increase of
resistance is thus,

AR D arcsin(d/D) d
R L|la—@n®=s o

(2.5)

Although Equation (2.3), (2.4), and (2.5) successfully address the relationship between AR/R
and the relative size of spherical particle, each equation only describes specific regime of
particle size and the pore diameter.

To describe the intermediate regime (d/D=0.4~0.9), Deblois et al. used an experimental
approach to determine AR/R (26-28),

(2.6)

AR d® 1 ]
R D2L[1-0.8(d/D)3



In the measurements described in this dissertation, the relative change of current is
approximately equal to the relative change of resistance ((JAI/I|~|AR/R|) because the resistance
of the pore dominates.

2.1.2 Fluidic Flow in Microfluidic Channel

To drive particles through an RPS channel, we apply a non-pulsatile pressure to the channel
inlet. Analyzing the Reynolds number (Re) gives us a full understanding of the fluidic
conditions in the channel and the transit velocity of particles in pore. By definition,

pUL
Re = o (2.7)

where p, U, L and u denote the fluid density, the fluid velocity, the channel length, and the
dynamic viscosity of fluid, respectively. Physically, Re represents the ratio of inertial to viscous
forces within the flow. Since we use a microfluidic channel which has micro-scale dimensions
(e.g. 25 um x 25 um, width x height), Re of the channel is less than 1, indicating that the system
always has laminar flow. In addition, this low Re implies that entrance effects of flow are
negligible. Within a fluidic channel having a diameter D, the entrance length parameter is
proportional to D and Re (29). Therefore, given the micro-scale dimensions and low Re of our
system, we can conclude that the fluid flow is stabilized immediately after entering the channel
and has a parabolic velocity profile (Figure 2-3).
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Figure 2-3. Fluidic flow in a microfluidic pore as simulated by Comsol Multiphysics. A, Stream
lines (blue) of flow in a pore with micro-scale dimensions (25 um x 25 um, width x height). B,
Velocity profile of a cross section (purple rectangle in A) of the pore. The flow has maximum
velocity at the center of the pore and minimum velocity near the walls of the pore.



2.2 Principles of Node-Pore-Sensing (NPS)

Utilizing RPS is a robust method to quantify size and transit time of particles. However,
analyzing the resulting electrical current pulse has limited temporal resolution, as only the total
transit time of a particle through the pore can be deduced. To address this limitation,
Balakrishnan et al. developed node-pore-sensing (NPS). NPS utilizes a pore that has been
segmented with multiple nodes, which are characterized by a sudden expansion of the channel
width (15, 16) (Figure 2-4). As a particle passes through pairs of nodes and pores, the lower
current density within the nodes produces peaks in the electric current. Thus, the number of
peaks correspond to the number of nodes. By analyzing the resistivity changes as a particle
transits node-pores, we can measure particle size. Also, from the width of segmented current
pulses, we can quantify the transit times through each segment of the pore. Compared to RPS
which involves a single pore, NPS provides higher temporal resolution and also more robust
Signal-to-Noise Ratio (SNR), as a unique electronic pulse, reflecting the sequence of nodes and
pores, is produced.
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Figure 2-4. Principle of Node-Pore-Sensing (NPS). A, Schematic drawing of the NPS platform. A
pore is segmented by nodes which have more current density than that in the segments (E, blue
lines in bottom insets). B, Expected current signal produced by a particle transiting through node-
pores. Dashed black and red circles indicate the current drop and increase at the pore and node,
respectively, and correspond to the bottom insets of A. AL, and ATy (-1,2,ana3) represent the amount
of current drop at the pore and the transit time of the particle at each section of pore, respectively.

2.3 Contraction-based Mechanical Phenotyping

To characterize the mechanical properties of cells, we integrate a contraction channel into a
regular NPS device (Figure 2-5A). The contraction channel is designed to have a smaller
channel width than a cell diameter (Dca). Thus, when cells are driven through the contraction
channel, they experience compressive deformation. Strain, & represents the amount of
deformation and is determined by D.ai and width (w.) of the contraction channel (&=(Dca-



we)/Dean). As shown Figure 2-5B, the straight contraction channel induces constant-strain
deformation to cells with respect to time. Based on the amount of deformation and transit time
through the contraction channel, we can quantify mechanical phenotypes. The diameter of
deformed cell (Dq) indicates the amount of deformation in the direction of the channel height
and length, and the transit time (ATcon) represents the required time for the cell to pass through
the contraction channel.
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Figure 2-5. Principle of contraction-based cellular deformation. A, Schematic drawing of a
microfluidic device containing a contraction channel. When a cell passes through the contraction
channel, the narrow width of the channel causes compressive deformation of the cell. B, Expected
strain (&) curve of the cell during the deformation.

To distinguish cell populations through these measured parameters, we derived a
dimensionless number, which we refer to as the whole cell deformability index (wCDI). We
assume a functional relationship among the biophysical parameters of a cell and fluid flow
as follows,

F(E, Dcellr hchannelr Uflowr ATcontr n Lc) =0 (2'8)

where E, D, Bechannel, Uiows Ue, 44 and Lc correspond to elastic modulus, free cell diameter,
height of the microfluidic channel, flow velocity within the node segment leading to the
contraction channel, the transit velocity of cells in the contraction channel, fluid viscosity,
and the length of the contraction channel, respectively. Three fundamental dimensions
(n=3)—mass (M), length (L), and time (T)—are included in each of these six parameters
(n’=7) as follows,



E = [ML™T?] (2.9a)

Dcen = [L] (2.9b)
Rchanner = [L] (2.9¢)
AT cone = [T] (2.9d)

Ufiow = [LT7] (2.9¢)
p=[ML 1T (299
Lo = L] (2%

Following the Buckingham 7 theorem (30), the relationship among these parameters can
be written in terms of a set of four dimensionless parameters (n’-n=4). To find these
dimensionless parameters (7; i=1, 2, 3, and 4), we select repeating variables (Mchannet, Uptows
and 7), where the number of required variables is equal to the number of fundamental
dimensions (n=3). Multiplying one of the nonrepeating variables with the product of the
repeating variables, we can define the following 7 terms,

— hchannelE 510
! Uflow” ( : a)
— hchannel 5 10b
2 ATconthlow ( ’ )
D
My = —<b (2.10¢)
hchannel
L,
My =7T— (2.10d)
hchannel

We define the dimensionless parameter, wCDI (Equation (2.11)), to be the product of 7 x
73X m. The wCDI could also be defined as a function of 7, in which (m=f(m, 7, 7)), but
the exact analytical expression can only be determined by experiment (30).

Lc Dcell

Uflow hchannel ATcont

wCDI = (2.11)
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Comparing the wCDI with cellular cortical tension (See Chapter 4 for the detailed method)
and the previously reported elastic modulus (E) of various cell lines (Figure 2-6), we
experimentally determined that the wCDI is inversely related to these traditional
parameters.
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Figure 2-6. Relationship between mechanical properties and wCDI. A, Comparison of wCDI
with cortical tension as determined by micropipette aspiration of Jurkat, MCF7, and MCF10A cells.
The wCDI is inversely related to cortical tension. Error bar indicates standard deviation for wCDI
and standard error for cortical tension. B and C, Comparison of wCDI with the elastic modulus, as
measured by AFM, of breast cell lines (B) and lung cell lines (C). Within each blue box, the central
line is the median and the edges of the box correspond to 25% and 75% of the wCDI distribution.
The orange symbols are the reported elastic modulus of each cell line. The trend of wCDI over
various cell lines is inversely proportional to the elastic modulus. From Ref (31).

2.4 Rheological Approach to Single Cell Mechanics

While it is a robust method to evaluate cellular mechanical behavior and to screen certain types
of cells, contraction-based mechanical phenotyping provides limited biophysical information.
Such information, which include elasticity, viscosity, and time-dependent mechanical
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properties, could be obtained via rheological approaches (Figure 2-7). Among the various
experimental methods, we employed oscillatory rheology to reveal the viscoelastic properties
of cells and their time-dependent characteristics over specific frequency ranges. As will be
shown in detail in Chapter 2.3, strain values correspond to the amount of cellular deformation

in the contraction channel. By definition, strain (¢) is determined by the free-cell diameter (Dca)
and width of the contraction channel (w.). Because w. is periodic along the channel’s

longitudinal axis (Figure 2-8), so, too, €is periodic,
e=ggcos(wt)+&, (2.12)

where &, & and o denote strain amplitude, compressive pre-strain, and deformation
frequency, respectively.
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Figure 2-7. Mechanical loading conditions to measure time-dependent properties. A, Stress
relaxation corresponds to applying constant strain to a material over time and monitoring stress
values over time. B, Creep test corresponds to applying constant stress to a material over time and
monitoring the change in strain. C, Oscillatory rheological approach corresponds to applying a
sinusoidal strain excitation to a material and monitoring a cyclic stress response.
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Figure 2-8. Principle of microfluidic rheology to measure the viscoelastic properties of cells. A,
Schematic drawing of a microfluidic device containing a contraction channel with periodically
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changing width. B, Enlarged drawing of the sinusoidal contraction channel (dotted green box in
A). The width of channel (w.) gradually changes as a cosine function (wo+acos(at)). Ly, wo, o and @
correspond to the contraction channel’s periodic length, initial width, strain amplitude, and
deformation frequency, respectively. From Ref(32).

To determine the stress value (o) of a cell within our contraction channel, we first analyze the
external forces surrounding a deformed cell. As it transits the contraction channel and
deforms, a cell is subject to driving (Faive) and drag forces (Figure 2-9). Fauv is a result of the
pressure distribution around the deformed cell (Equation (2.13)). To calculate this force, we
modeled (via Comsol Multiphysics) the fluid dynamics within our device and used as our
parameters the specific flow rate and channel geometry we employed in our experiments. With
Farive, we then calculated the average pressure difference (AP.) across the deformed cell in the
channel’s longitudinal axis direction (Equation (2.13)). Frictional forces (Fsic) between the cell
surface and channel wall (Figure 2-9), which are in the opposite direction of the flow, are
defined by the frictional coefficient (z4) and normal force (F,) (Equation (2.14)).

Firive = fAPdA = APavg "We" Dy (2.13)
Frric=ps - Fp = ufDdZno/4 (2.14)

Since a cell transits the contraction channel with constant velocity (Figure 2-10), there is a zero-
net force around the deformed cell (Equation (2.15)). Substituting Farv and Fgic into Equation

(2.15), we determine o from our fluidic conditions and the compressive deformation of cells
(Equation (2.16)).

Fret = Farive — ZFfric =0 (2.15)

0 = 2AP g, qw /tpsDyg (2.16)

With ¢ (Equation (2.12)) and o (Equation (2.16)) defined for an individual cell, we employ a
rheological stress-strain relationship to quantify a cell's viscoelastic properties. This
relationship is defined in Equation (2.17), where &;, G’, and G” indicate the pre-stress induced
by &, storage modulus (cell elasticity), and loss modulus (cell viscosity), respectively.
Substituting Equation (2.9) (&) and Equation (2.16) (o) into Equation (2.17), we can
subsequently numerically calculate the unknown variables, 1, c,, G’, and G”, using Least
Squares Fitting (see Appendix C for the detailed MATLAB code for Least Squares Fitting).
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0 =0, + G'ggcos(wt) + G"ggsin(wt) (2.17)

In addition to quantifying the viscoelastic properties of a cell at any given frequency, @, we can
utilize the power-law structural damping model (33) to provide more information about a
cell's dynamic behavior with respect to a wide range of frequency. The complex modulus (G')
is defined as,

G'(w) =6 +i6"(w) (2.18a)
= G, [1 + itan (g a)] (wﬂo)“ + ipw (2.18b)
) sl (Ga) () ]

where Go, o, and u denote shear modulus at zero frequency, power-law exponent, and
viscosity, respectively. Go and ay are scaling factors for stiffness and frequency, and ey =1 Hz
in our experiments. All power-law components are numerically calculated by Least Squares
Fitting. Although the spring-dashpot models such as Maxwell, Kelvin, Standard Linear Solid
model (34) (Figure 2-11) have been widely used to analyze mechanical behavior, these models
generally overestimate a material’s frequency dependence. This is because spring-dashpot
models employ the combination of discrete elements to describe the stress-strain relationship,
which is continuous in the time domain (35, 36). In contrast, the power-law structural
damping model provides a higher and more appropriate sensitivity to detect the frequency
dependence of cellular viscoelastic properties at the single-cell level.

Figure 2-9. Schematic drawing of the forces around the deformed cell while in the contraction
channel. Fyiv, Fn, Fiic, and Dq correspond to the driving force, normal force, frictional force, and the
diameter of the deformed cell, respectively. Under a cell’s constant velocity, the driving force generated

14



by the pressure difference around the cell is counter-balanced by the frictional forces between cell
surface and the channel wall. From Ref(32).
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Figure 2-10. Stress-Strain of an MCF?7 cell measured by visco-NPS. A, Applied strain and B, stress
of an MCF-7 cell transiting the contraction channel with L,=500 um and vpore=65 mm/s. ATx-12..5
represent the period of each cycle of oscillating stress. During the cell’s transit through the channel,
AT,.1,, s represent the period of stress (AT,, = 5.5 4 0.17 [ms]) it experiences. The constant period
of stress indicates that the cell transits the contraction channel with constant velocity. From Ref(32).
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Figure 2-11. Spring-dashpot models. A, Maxwell model involves having a spring and a dashpot in
series. B, Kelvin model involves placing the spring and dashpot in parallel. C, Standard Linear Solid
(SLS) model involves two springs and one dashpot connected in series and parallel. In all these
models, the spring and dashpot represent the elasticity and viscosity of a material, respectively.

2.5 Conclusion

As discussed in this chapter, RPS and NPS provide a unique and robust means to measure cell
size and transit time. By including a contraction channel and performing the same
measurements, these techniques can quantify the mechanical phenotypes of cells at the single-
cell level. By including a contraction channel whose width periodically changes, one can
achieve a rheological approach and measure the viscoelastic properties of individual cells. In
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the following chapter, I will describe the detailed fabrication procedure to create the
microfluidic devices that are used for the experiments detailed throughout this thesis.
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3 DEVICE FABRICATION AND MEASUREMENT

Chapter Overview
This chapter describes the device manufacturing protocol and experimental set up for the
mechano-NPS and visco-NPS measurements described throughout this thesis.

3.1 Device Fabrication

The manufacturing of the microfluidic devices used in this thesis includes electrode- and
polydimethylsiloxane (PDMS) mold-fabrication (Figure 3-1). The electrodes are created
on a glass substrate through electron-gun (e-gun) metal deposition. Soft-lithography is
employed to make PDMS molds of the various microfluidic channels. Once bonding
between these two is achieved, device fabrication is complete.

- Electrode Deposition -
Device

Mask design Deviee
» Negative _
Relief Master } PDMS Molding »

Figure 3-1. Fabrication workflow for the microfluidic devices used in this thesis.

3.1.1 Electrodes

We fabricate metal electrodes and contact pads onto a glass substrate to measure the change
in electric current across the microfluidic channel. As shown in Figure 3-2, standard
photolithography with positive photoresist (S1813, MicroChem, USA) is used to pattern
the glass substrates. We spin-coat the positive photoresist (PR) onto a pre-cleaned glass
slide (VWR, USA) at 3000 rpm for 30 seconds to achieve a height of 1.5 um. We next soft
bake the resist-coated slide at 100°C on a hotplate for 1 minute. Following baking, we then
expose the slide to UV light under a transparency mask for 27 seconds at 275W, and
subsequently develop using MF321 (MicroChem, USA) developer for 15 seconds. After the
development process, we wash the glass slides with deionized (DI) water and dry with
nitrogen gas. We next use e-gun evaporation to deposit a 100/250/250 A layer of Titanium
(Ti)/Platinum (Pt)/Gold (Au). We subsequently perform a lift-off step in acetone to
remove the excess metal. We use a gold wet etchant (Gold Etchant TFA, Transene
Company, USA) to expose the Pt electrodes. The contact pads remain gold-coated.
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Figure 3-2. Electrode fabrication processes. Schematic of the 6 steps for electrode fabrication.
Standard photolithography is used to pattern positive PR onto glass substrates. E-gun deposition is
employed to deposit multiple layers of metal on the pre-patterned glass substrates. By removing
excess metal with an acetone lift-off, we complete the fabrication of the electrodes.

3.1.2 PDMS Mold

We employ standard soft-lithography to fabricate the PDMS molds for our microfluidic
devices. To make negative-relief masters, we pattern SU-8 3025 resist (MicroChem, USA)
onto a silicon wafer (Figure 3-3). First, we spin a resist layer at 4000 rpm for 30 seconds to
produce a 22 um thick layer. Next, we soft-bake the wafer at 95°C on a hotplate for 10
minutes. To pattern, we expose the wafer to UV light (275W) for 36 seconds with a
transparency mask that has the specific channel design. We post-exposure bake the wafer
at 65°C on a hotplate for 1 minute and then 95°C for 5 minutes. After cooling the wafer to
room temperature, we developed the wafer in SU-8 Developer (MicroChem, USA) for 3
minutes. We then rinse the wafer with isopropanol, acetone, and DI water, and
subsequently anneal at 150°C on a hotplate for one hour in order to prevent cracking of
the patterned negative-relief master.

Using the fabricated negative-relief master, we mold the microfluidic channel with PDMS.
We poured a mixture of PDMS (1:9 weight ratio of elastomer to curing agent, Dow
Corning, USA) onto the masters and subsequently cured at 85°C on a hotplate for 2 hours.
Once cured, we cut and excise from the master a slab of PDMS with the embedded

18



microfluidic channel. In addition, we core inlet and outlet holes using a 1-mm biopsy
punch (Integra LifeSciences, USA).

Silicon Wafer SU-8 Photoresist (PR) Photolithograpy

Coat ‘ Bake ‘

Spin Soft

\!
DeV e\OPme“

Cut &
Excise
Negative Relief PDMS curing PDMS mold

Master
Figure 3-3. Fabrication procedure for creating the negative-relief master and PDMS devices.

3.1.3 Device Bonding

To complete the device, we expose both the PDMS mold and the glass substrate with oxygen
plasma (470 mTorr, 80W, 1min). After exposure, we deposit 20 uL of a 2:1 methanol: DI
water mixture onto the glass substrate. We next align the PDMS mold on top of the glass
substrate (Figure 3-4), and subsequently heat the devices at 85°C on a hotplate for 2 hours
to create a permanent bond.
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Figure 3-4. Schematic of device bonding. A, Schematic of the glass substrate with patterned
electrodes and the PDMS mold containing microfluidic channels. B, The glass substrate and PDMS
mold are aligned using multiple alignment markers.

3.2 Platform Set Up

3.2.1 Data Acquisition

Figure 3-5 shows the experimental set up, including the electrical circuit model, to measure
the completed microfluidic device. To flow a suspension of cells through the channel, a
commercial microfluidic flow control system (OB1 MK3, Elveflow) applies a non-pulsatile
pressure within the range of 13.8~27.6 kPa to the inlet reservoir of the channel. As shown
in Figure 3-5, the electrical circuit model is based on a four-point measurement with 1V of
applied DC voltage (29). In the circuit, R. and C. are the resistance and capacitance of the
microfluidic channel, respectively. Ry and Ry represent the resistance of the fluid in the
inlet and outlet reservoir. The two different operational amplifiers, INA100 and OP27, are
employed as a summing amplifier and integrator, respectively. In this circuit, the electric
current flows from Iy, through I, to L. Rr and C; represent the feedback circuit elements
of the integrator. The electrical current passes through a current preamplifier (DL
Instruments 1211) that converts into a voltage signal before the measurement is sent to a
DAQ Board (National Instruments PCI-6035E) for data sampling and subsequent
recording via LabVIEW software.
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Figure 3-5. Experimental Set up for mechanical phenotyping and viscoelastic cell
measurements. The fluidic set up is shown on the left. A schematic drawing on the right shows the
electrical circuit model. The orange dashed box indicates the equivalent circuit elements of the fluid
in the reservoir and microfluidic channel. The output current passes into a current amplifier, then
into a DAQ board, and finally recorded by LabVIEW software.

3.2.2 Data Analysis

To measure the width and height of individual current pulses, we employ multiple signal
processing steps via customized MATLAB code (Figure 3-6) (a full description of the
MATLAB code can be found in Appendices A and B). As a first step, we remove electrical
noise from the acquired signal using low-pass filtering. We normalize the slope of the base-
line currentin order to remove any drift. We subsequently use a derivative cut-off detection
to identify the start and end points of individual pulses in the time domain. Based on these
time points, we determine the width and height of the pulses.
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Figure 3-6. Signal processing for data analysis. The acquired signal is first A, low-pass filtered to
remove noise, and then, B, the inclined base-line current is normalized. C, A derivative cut-off
detection is subsequently employed to determine the start and end point of each pulse. D, the

current pulse magnitude (Al,,) and duration (AT, AT, and ATs) are measured based on the
identified start and end time point.

3.3 Conclusion

In this chapter, we describe the fabrication steps required to make the microfluidic devices
used in this thesis. These steps include photolithography and thin-metal deposition to create
electrodes, negative relief masters and soft lithography to create PDMS molds of the
microfluidic channels; and thermal bonding to complete the devices. To quantify the current
pulses caused by the cells transiting the microfluidic channel, we employ a four-terminal
measurement of the current. For data analysis, we develop and optimize the signal processing
steps to measure the current-pulse magnitude and duration.
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4 MULTI-VARIABLE MECHANICAL PHENOTYPING

Chapter Overview

This chapter introduces an electronic-based microfluidic platform—mechano-NPS—to
determine the mechanical phenotypes of cells at the single-cell level. Mechanical phenotyping
via this platform is shown to differentiate among cell types and malignant vs non-malignant
cells.

4.1 Introduction

Cells derive their mechanical properties from the structure and dynamics of their intracellular
components, including the cytoskeleton, cell membrane, nucleus, and other organelles—all of
which, in turn, emerge from cell type-specific genetic, epigenetic, and biochemical processes.
The ability to identify differences within a population of one cell type or different cells among
heterogeneous populations, or to detect changes due to disease or environmental interactions
all based on cellular mechanical properties has potentially important implications for cell and
tissue biology and clinical metrics. As examples, metastatic potential (37, 38), cell-cycle (39,
40), differentiation state (7, 41-45), the outcome of tissue self-organization (46), and infection
with intracellular pathogens (47, 48) have all been shown to correlate with changes in cellular
mechanics. Even the process of aging has been shown to affect the ability of cells within the
vascular system and musculoskeletal system to recover from mechanical deformation (49).
Thus, methods to measure multiple cellular mechanical properties rapidly and accurately have
tremendous potential as label-free research tools and diagnostics.

Atomic-force microscopy (AFM) (1, 3, 50) and micropipette aspiration (4, 51) are the gold
standard for performing mechanical measurements on cells. These methods provide
controlled loading conditions (e.g. stress relaxation and creep indentation) and quantify such
cellular properties as elastic modulus and cortical tension. They are, however, burdened by
slow throughput, capable of analyzing only just a few cells/hr (6, 7), although recent
adaptations of both methods have demonstrated higher throughput via more efficient analysis
(52, 53). Likewise, optical tweezers (54, 55) and microplate rheometery (10)—two other well-
established methods to measure cellular mechanical properties—also suffer from low
throughput. Given these drawbacks, a number of microfluidic platforms have consequently
been developed, including hydrodynamic stretching cytometry (11, 56, 57), suspended

23



microchannel resonators (SMR) (12), and real-time deformability cytometry (RT-DC) (13), to
name only a few. Each of these methods, through optical imaging or measuring changes in
resonant frequencies, can analyze populations of cells in a relatively short time (e.g.
2,000~65,000 cells/s for hydrodynamic stretching cytometry (11, 56, 57), 30 cells/s for SMR
(12), and 100 cells/s for RT-DC (13)). To identify specific cell types, these methods most often
focus on correlating cell size or mass with a specific mechanical property. For example,
hydrodynamic stretching cytometry and RT-DC compare cellular deformability with cell size,
and SMR determines the transit time of cells through a narrow channel with respect to cell
mass. Populations of cells are complex with respect to the continua of cell states that are
represented within, and as such, multiple biophysical parameters are necessary to deconvolve
and identify complex cellular mixtures.

Recently, Masaeli ef al. and Lin et al. (58, 59) have reported using deformability cytometry to
measure multiple parameters, such as cell size, morphology, and relaxation rate, while cells
undergo deformation. In so doing, they were able to identify different cellular states associated
with pluripotent and neural stem-cell differentiation, respectively. While this achievement
emphasizes the need for measuring multiple biophysical parameters to identify specific cell
types, Masaeli et al.and Lin et al. (58, 59) focus on defining cellular phenotypes only while cells
undergo deformation. Since overall recovery of a cell once released from deformation plays
significant roles in cellular migration processes such as cancer metastasis (60) and in providing
a protective mechanism of cells against mechanical damage (61-63), it is imperative for
mechano-phenotyping platforms to have a temporal window sufficient enough to analyze the
recovery that a cell undergoes after deformation.

Here, we describe in detail mechano-NPS. As we introduced in Chapter 2, mechano-NPS
involves integrating a node-pore sensor (15, 16) with a contraction channel and performing a
four-terminal measurement of the current across the integrated microfluidic channel to
quantify four biophysical properties of a single cell, simultaneously: diameter, resistance to
compressive deformation, transverse deformation, and recovery from deformation. This
electronic-based method of multi-dimensional mechanical phenotyping provides the means to
use these biophysical parameters as label-free biomarkers for identification and differentiation
among cell types. Mechano-NPS distinguishes malignant from non-malignant immortal
epithelial cells and measures deformability changes in the cytoskeleton. With these findings,
mechano-NPS represents an efficient, simple, and direct means to quantify multiple
mechanical properties of single cells in heterogeneous populations.

4.2 Experimental Methods

4.2.1 Platform Design
The platform consists of a 30 um-high microfluidic channel embedded in a PDMS mold
bonded to a glass substrate with pre-defined Pt electrodes and gold contact pads (Figure 4-1,
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see Chapter 2 for fabrication details). The central part of the channel, which we refer to as the
“contraction channel”, is long (2055 um) and narrow (10 or 12 um-wide) and flanked on either
side by a series of nodes and pores that are 85 um and 25 um wide, respectively (Figure 4-1,
inset). The length of the contraction channel was chosen to provide sufficient time (~30ms)
over which a cell experiences constant applied strain. The node and pore dimensions were
chosen for sufficient signal-to noise ratios. Given the flexibility and ease of device design and
fabrication, different contraction channel lengths and node and pore dimensions could be
employed. Filters that are 25 pm in width (the width was based on the size range of cells
measured in these studies, ~15-20 um in diameter) are included at the entrance of the
microfluidic channel in order to remove cellular clusters that may otherwise clog the device.
Applying a constant DC voltage (1V) across the channel, we employ a four-terminal
measurement technique (15, 16, 29) (See Chapter 2 for detailed description) to measure the
current pulses caused by cells transiting across the microfluidic channel when a non-pulsatile
pressure of ~21 kPa (OB1 MK3, Elveflow) is utilized. After low-pass filtering all current versus
time data, we employ custom-written software (See Chapter 2 and Appendices A and B) to
extract both the magnitude and duration of each current sub-pulse (AL, AL, ATcon, and AT
in Figure 4-2).

Power analysis was employed to ensure that our sample size for mechanical phenotyping offers
adequate power (=0.80) to detect differences between experimental groups within a 95%
confidence interval (64) from the measured data set. For all cases which have a p—value < 0.05,
the analyzed sample size (N,) provided sufficient power value to measure statistical differences
(Table 4-1). Statistical significance was determined by performing a paired t-test or chi-square
test. To ensure repeatability of results, all data presented in this study were measured using
multiple microfluidic devices. The wCDI of MCE-7 cells (see Chapter 2 for a detailed analysis
of the wCDI) obtained with different device replicas showed no statistical difference (Figure 4-
3, p=0.173).

/Glass
substrate Pads

Figure 4-1. A schematic image of the microfluidic platform. Red-dashed box shows a close-up
view of the entire microfluidic channel. The microfluidic channel (pore) is segmented by nodes and
a contraction channel. Two electrodes at both ends of the channel apply a constant voltage (1V),
and two inner electrodes measure the change of current across the channel. The regions where
free-cell diameter, deformed diameter, and cell recovery are measured are as indicated. The scale
bar corresponds to 4 mm. From Ref (31).
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Figure 4-2. Expected current pulse generated by a cell transiting the microfluidic channel. ],
AL, Al, and Al correspond to the baseline current and the current drop by a cell transiting a node-
pore, a contraction channel, and a node-pore after the contraction channel, respectively. ATcont
corresponds to the time duration of a cell passing through the contraction channel, and AT:
indicates the time needed for AL to equal AlL,. From Ref (31).
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Figure 4-3. wCDI of MCF?7 cells from different replicas of the mechano-NPS device. MCF7 cells
were measured by different replica of the device showing no statistical difference (MCF-7(1): n=97,
MCE-7(2): n=99, p=0.173). The statistical difference was determined by a paired t-test. Within each
blue box, the central line is the median and the edges of the box correspond to 25% and 75% of the
wCDI distribution. From Ref (31).

Table 4-1. Power analysis of experimental groups based on sample size. To ensure adequate power
to detect differences within experimental groups, we measured the power of each group using 2-sample
and 1-slided power analysis with 95% confidence interval. The analysed sample size, N, provided the
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adequate power value (>0.80) throughout the all experimental cases. In this table, N.A indicates power
analysis is not applicable due to the high p-value (p=0.05). From Ref (31).

Cell type MCF10A MCF7 A549 BEAS-2B MCF7_PDL MCF7_BSA
N, 99 99 100 100 99 99
power 1 1 1 1 0.96 0.83
Celltype MCF7_LatA MCF7_LatB MCFI10A_LatA MCF10A_LatB MEP LEP
N, 99 99 99 99 99 104
power 0.86 0.81 0.99 N.A. 1 1
Cell type 240L 240L-pl6sh  240Lpl6sMY 240L-D1 240LDIMY
N, 54 54 54 54 54
power 0.87 N.A. 0.99 0.98 0.87
Cell type 1221 122L-pl6sh  122Lpl6sMY 122L-D1 122LD1MY
N, 54 54 54 54 54
power 1 0.83 N.A. 0.80 0.84

4.2.2 Cell Culture and Preparation

MCEF-10A cells (ATCC® CRL-10317") were cultured in MEBM medium, supplemented with
0.1% insulin, 0.1% hEGF, 0.4% hydrocortisone, and 10% cholera toxin. MCF-7 cells (ATCC*
HTB-22") were cultured in DMEM (Fisher Scientific, BW12719F), supplemented with 10%
fetal bovine serum (FBS), 0.1 mM MEM Non-Essential Amino Acids (NEAA), 2 mM L-
glutamine, and 1% Pen-Strep. BEAS-2B cells (ATCC® CRL-9609") were cultured in BEGM
BulletKit (Lonza, CC-3170). A549 cells (ATCC® CRM-CCL-185") were cultured in F-12K
medium (Fisher Scientific, MT10025CV), supplemented with 10% FBS and 1% of Pen-Strep.
Jurkat cells (ATCC® TIB-152") were cultured in RPMI 1640 medium (Thermo Scientific,
88421), supplemented with 10% fetal bovine serum (FBS), and 1% Pen-Strep. All cell cultures
were maintained at 37°C in 5% CO2 and routinely passaged, per published protocols (65), once
they reached 80% confluence.

Cells were dissociated by treatment with 0.25% trypsin/EDTA for either 3 min (MCF-7 and
A549 cells) or 5 min (MCF-10A and BEAS-2B cells) at 37°C (66-68), washed with the
respective growth media, centrifuged at 0.2 RCF, and re-suspended at a concentration of
~20,000 cells/mL in PBS. To ensure cell viability, cells were injected into the prepared devices
for screening immediately following re-suspension.

4.2.3 Pharmacological Inhibition of Cytoskeletal Components

We disrupted actin polymerization with Latrunculin A and B (LatA and LatB, Enzo Life
Sciences) (69). Prior to deformability measurements, MCF-7 and MCF-10A cells were
incubated with 2.5 or 5ug/mL LatA or LatB in each cell’s respective growth medium for one
hour at 37°C and 5% CO, (70, 71). Cells were then released from culture flasks with 0.25%
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trypsin/EDTA, rinsed once with PBS, centrifuged at 0.2 RCF, and re-suspended in PBS at a
concentration of ~100,000 cellymL. To confirm that actin polymerization was successfully
inhibited after incubation, cells were fixed by 4% (w/v) paraformaldehyde in PBS for 15 min.
They were then permeabilized with 0.1% Triton-X 100 (Sigma-Aldrich) in PBS for 5 min. Cell
nuclei and F-actin were then counter-stained with 4’,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich, 10236276001) and rhodamine phalloidin (Thermo Fisher Scientific, R415),
respectively, per manufacturer’s protocol, and then imaged with a Zeiss LSM710 confocal
microscope.

42.4 Cortical Tension Measurement Through Micropipette Aspiration

Dr. Vasudha Srivastava (University of California San Francisco) performed cortical tension
measurements via micropipette aspiration, as described previously (72, 73). Briefly, cells were
trypsinized and resuspended in growth medium, and were transferred to the imaging chamber.
Suction pressures in the range of 0.03 to 0.3 kPa were applied to the cells through an 8-10 um
glass micropipette. At each pressure, the cellular deformation inside the pipette was allowed to
stabilize for 20-30 seconds before imaging. The average measurement from three images was
used to calculate the length of deformation (L;). Subsequently, applied pressure was increased
in 0.03 kPa increments till the L, exceeded the radius of the pipette (R;). Any cell that blebbed
was discarded. The critical pressure (Pei) is defined as the pressure at which the deformation
inside the pipette is hemispherical, i.e. L,=R,. The cortical tension (T.r) was then calculated
using the following equation, where R. is radius of cell.

1 1
APy = ZTeff X <R_p _R_c> (4.1)

4.3 Results

4.3.1 Population Characterization Based on Mechanical Phenotypes

The repeated expansion and contraction of the width of our overall microfluidic channel
shown in Figure 4-1 produces a unique and symmetric current pulse, consisting of sub-pulses,
for each cell that transits the channel. Upon entering the microfluidic channel, a cell partially
blocks the flow of current, and consequently, the measured current immediately drops from a
baseline value, I (Figure 4-2). When the cell enters the first node, the current returns to baseline
only to drop again once the cell exits that node. This is a hallmark of NPS (See Chapter 2) (15,
16). The rise and fall of current repeats as the cell enter and exists the next two nodes. Upon
entering the contraction channel where the width is narrower than the diameter of the cell, the
cell deforms as shown in Figure 4-5. Because the cell blocks nearly all of the current flow in this
part of the channel, the current drop from baseline is far more dramatic than that resulting
from the cell transiting the earlier pores (Figure 4-6). The cell subsequently enters and exits a
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series of node-pore pairs following the contraction channel, ultimately leading to the
symmetrical shape of the overall current pulse. This symmetry is intentional by design and
critically allows the monitoring of a cell’s recovery from constant strain deformation.

The magnitude of the current sub-pulse produced in the node-pore sequence (Aly,) and the
contraction channel (Al) corresponds to the free-cell diameter (D.a) and cell elongation
length (Lacform), respectively (Figure 4-5B). As described in Chapter 2, the relationship among
the current drop (AI), baseline current (I), particle diameter (d), the overall channel length (L)
and the channel’s effective diameter (D.) is defined by (15, 16, 29) Equation (2.6).
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Figure 4-4. Cellular deformation within the microfluidic channel. A, Time-snapshots of an
MCEF-7 cell (bordered by a white circle) in each of the different segments of the microfluidic channel
(white dashed line) B, Cross-sectional diagram of the channel segments occupied by a cell. ‘AA’
and ‘BB’ indicate the corresponding cross-sections in A. Wpore, Wnodes We» and Hchannat cOrrespond to
the widths of the pore, node, and the contraction channel, and the height of the channel,
respectively. Dcai and Lacform correspond to the free-cell diameter in the node-pore channel and the
elongated length of the deformed cell in the contraction channel, respectively. From Ref (31).
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Figure 4-5. Computational modelling of the electric field when a cell transits each section of the
mechano-NPS microfluidic channel. The fine lines correspond to the calculated electric-field lines
in each section of the microfluidic channel, and the white circle corresponds to a cell. As
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determined, the electric-field density, J, in the contraction channel is greater than that in the node.
Computational simulation was performed using Comsol Multiphysics 5.0. From Ref (31).

To determine D., we measure polystyrene microspheres of known size with the microfluidic
channel (Table 4-2). Using the values of AI/I arising from the microspheres, along with the
known values of L and d (the size of the microspheres in this instance), we can numerically
solve for D. in Equation (2.6). Once D. is known, we can subsequently determine D.ai of a
screened cell by numerically solving for d in Equation (2.6) using the obtained values of Aly/1.
We can also determine the volume of the deformed cell, Vietorm, by the relationship (15, 16, 29),
AIL/I~ Victorm! Veontractions Where Veontraction 1S the volume of the contraction channel. To calculate
Lacform, we assume the cell undergoes an isometric deformation in the direction of both the
channel’s longitudinal axis and channel height, resulting in an oblate-spheroid shape. From
the relationship between the volume and major radius of the oblate spheroid, Vgerorm =

2 . . . .
W, Lgeform” /6 where w. is the contraction-channel width, we can determine Lacform from

AI/I. We quantify the transverse deformation of the cell, dcform= Lactorm/ Deet, @s it transits the
contraction channel.

Table 4-2. Measuring the channel effective diameter using polystyrene microspheres.
Polystyrene microspheres (Polysciences, #64155) suspended in PBS were measured with our NPS
platform to determine the node-pore channel’s effective diameter, D », (1=30) and the effective
diameter of the contraction channel D._cont (1=12). duvg, Ad, AI/I, L, and o correspond to the average
diameter of the microspheres, the diameter standard deviation, the ratio of the current drop to
baseline current, the channel length, and the effective diameter standard deviation, respectively.
From Ref (31).

Aayg [m] o4 [um] AI/l L [um] De_np [um] De_cont [um] o. [um]
14.73 1.36 3.07x10* 8230 36.2 - 0.594
6.30 0.71 2.98x10* 2055 - 22.9 0.253

As a cell traverses through each section of the channel, the duration of the resulting sub-
pulse produced by a cell corresponds to the cell’s transit time (AT) through that part of the
channel. To quantify the resistance to compressive deformation, we utilize ATcon. To
determine the recovery time of a cell from compressive deformation (AT:), we note the
time required for the sub-pulses produced by the cell after exiting the contraction channel
to return to the same shape and magnitude as those produced by the cell prior to entering
the contraction channel, i.e. when the cell returns to its original size and shape (Figure 4-
6). Given the number of node-pore pairs and the overall length of the node-pore sequence
we employ after the contraction channel, our device’s temporal window for measuring cell
recovery is 40 ms. The flexibility of our device design and ease of fabrication allow for the
inclusion of many more node-pore pairs after the contraction channel, which in turn would
lead to an increase in time over which to observe recovery. Based on all the recovery times
we recorded with our particular device, we discriminate among three different cell-
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recovery types—instant (AT: ~ 0 ms), transient (0 < AT: <40 ms), and prolonged (AT: > 40
ms) (Figure 4-6).

Thus, from just a single current pulse produced by a cell transiting through the entire
microfluidic channel, four biophysical properties of that cell—size (D), resistance to
compressive deformation (ATcon), transverse deformation (Ouform), and recovery from
deformation (AT.)—are extracted. These parameters are what we collectively use to
mechanically phenotype a single cell, distinguish among cell types in a heterogeneous
population, and determine subtle cellular changes.
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Figure 4-6. Schematic and representative mechano-sensing current pulses to illustrate the
defined cellular recovery types after compressive deformation. A, Instant recovery. B, Transient
recovery. C, Prolonged recovery. All schematic drawings (A, B, and C, top) show the idealized
mechano-NPS current pulse. The representative current pulses (A, B, and C, bottom) show that the
current at the “node” does not reach to the baseline current and has a more peak-like shape. This
is due to the fast flow rate of the cells and the short length of the “node” segment. From Ref (31).

4.3.2 Cellular Malignancy and Mechanical Phenotyping

We investigated whether mechano-NPS could distinguish between immortal malignant and
non-malignant states in two different epithelial-tissue types based on their mechanical
properties alone. We compared the mechanical properties of malignant MCF-7 with non-
malignant MCF-10A breast epithelial cells and malignant A549 with non-malignant BEAS-2B
lung epithelial cells when individual cells were subjected to a constant applied strain along the
length of the contraction channel they traversed. Because strain, & is a function of both cell size
and contraction channel width (w.), &=(Dcei-wc)/Deei, and prior independent measurement of
D..i showed that malignant MCF-7 and A549 cells are, on average, larger than non-malignant
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MCF-10A and BEAS-2B cells (Table 4-3), we utilized a 12 um-wide contraction channel to
measure MCF-7 and A549 cells and a 10 pm-wide contraction channel to measure MCF-10A
and BEAS-2B in order to achieve the same average & (~0.3) for all cell types (Table 4-3). As
shown in the four-dimensional (4D) graphs in Figure 4-7, Dcar and Lacorm 0f MCF-10A and
BEAS-2B cells are significantly different from those of MCF-7 and A549 cells, respectively.
Moreover, MCF-10A and BEAS-2B cells transit the contraction channel more slowly as
compared to MCF-7 and A549 cells, respectively. When comparing transverse deformation
(Oucform), we find that while A549 deform significantly less than BEAS-2B cells, MCF-7 and
MCEF-10A cells have similar deformation (Figure 4-8A).

Table 4-3. Applied strain in the contraction channel. D.., 0; w., & correspond to the average free
cell diameter, cell diameter standard deviation, width of the contraction channel, and the average strain
value, respectively. Strain is defined as the ratio of deformation to the cellular diameter, e=(Dcar-
W)/ Deat. From Ref (31).

Cell type Dyyg [um] o we [um] Eavg

MCE-7 18.06 2.179 12 0.335
MCEF-10A 15.18 1.014 10 0.341
A549 17.64 2.215 12 0.320
BEAS-2B 15.11 2.542 10 0.338
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Figure 4-7. Biophysical properties of malignant and non-malignant epithelial cells. 4D plot of the
free cell diameter (D.ar), elongation length (Lacform) due to an applied strain £~0.3, transit time through
the contraction channel (AT.n), and recovery time from compressive deformation (AT:) of A,
malignant (MCF-7, n=99) and non-malignant (MCF-10A, n=99) breast cells, and B, malignant (A549,
n=100) and non-malignant (BEAS-2B, n=100) lung cells. Dotted ovals group each cell line (MCF-10A:
black, MCEF-7: green, BEAS-2B: grey A549: blue). From Ref (31).
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Figure 4-8. Mechanical phenotypes of malignant and non-malignant epithelial cells. A, Transverse
deformation (Oeform) of MCF-10A, MCF-7, BEAS-2B, and A549 cells. Statistical differences were
determined by a paired t-test (**** indicates p<0.0001). B, wCDI distribution of MCF-10A, MCF-7,
BEAS-2B, and A549 cells. Statistical differences were determined by a paired t-test. (MCF-10A vs MCEF-
7: p=3.90e-58, BEAS-2B vs A549: p=1.10e-80). The solid lines correspond to the fitted normal wCDI
distribution for malignant and non-malignant cells, respectively. MCE-10A: wCDI=0.699+0.106;
MCEF-7: wCDI=1.230+0.13; BEAS-2B: wCDI=0.590+0.106; and A549: wCDI=1.151+0.12. From Ref

(31).

Although our results clearly show that the transit time through the contraction channel (AT )
is dependent on cell type (i.e. malignant vs. non-malignant), so too could cell diameter affect
transit time (Figure 4-8) (74-76). Because this could lead to difficulties in distinguishing cells
within a heterogeneous population (Figure 4-9 and 4-10), we employ the Buckingham 7-
technique (30) to define the wCDI (Equation (2.11), See Chapter 2 for detailed information).
Among the consisting parameters of wCDI, Ujio, Lo, and hchannel are fixed values for any given
experiment, and consequently, D..; and AT, become the key parameters in Equation (2.11).
Physically, the wCDI describes the deformability of the cell as a whole, including the
cytoskeleton, nucleus, and organelles. Cells that are more deformable (i.e. less stiff) transit
through the contraction channel more easily, and subsequently at higher velocities, than those
that are less deformable (i.e. more stiff). Correspondingly, these cells will have a higher wCDI
as compared to the latter, in accordance with Equation (2.11). Moreover, cells which are larger
(smaller) will transit the contraction channel more slowly (quickly), and Equation (2.11)
effectively negates this cell-size effect. While the Buckingham 7-technique relates the wCDI to
the cell’s elastic modulus, E, it does not define the explicit relationship between the two. We,
therefore, performed side-by-side measurements of different cell lines (Jurkat, MCF-7, and
MCF-10A) with the gold standard, micropipette aspiration, and also compared our
measurements of MCF-7, MCF-10A, A549, and BEAS-2B cell lines with those obtained by
AFM in the published literature (1, 3, 77-82). As shown in Chapter 2 (Figure 2-6), the wCDI is
inversely proportional to both cortical tension and E, confirming our original physical
description of the wCDI.
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While future studies are necessary to determine the exact analytical expression between the
wCDI and E, mechano-NPS’s ability to mechanically phenotype cells successfully for cell-type
discrimination is clearly demonstrated. Figure 4-8B shows the wCDI distribution of non-
malignant vs. malignant cells. The solid lines correspond to the fitted normal distribution of
each population and the red-shaded region is the overlap area of the two distributions. As
shown in Figure 4-8B, the wCDI of MCF-7 cells is significantly greater than that of MCF-10A
cells with a 2.6% overlap. Similarly, A549 cells have a greater numerical wCDI than BEAS-2B
cells, but with only a 1.6% overlap. Given the sensitivity demonstrated using the wCDI vs. AT con
or cell size, alone (Figure 4-8B, 4-9, and 4-10), mechano-NPS and correspondingly the wCDI
could potentially be utilized as a method for detecting subtle heterogeneities within cell
populations such as those found in primary tissue (83, 84), heterogeneous cell lines and strains
(85), and biopsied tissue samples (86, 87).
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Figure 4-9. Biophysical parameters of breast epithelial cell lines as measured by mechano-NPS. A
and B, Histogram of A, the free-cell diameter (Dca1) and B, the transit time (ATcon) for breast epithelial
cells (n=99 for both MCF-10A and MCF-7). The overlap area of the two ATy distributions is 28% of
the total area. C, ATcon of MCF-10A and MCF-7 cells with respect to cell size. D, 3D plot of the
measured biophysical parameters of MCF-10A and MCE-7 cells. From Ref (31).
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Figure 4-10. Biophysical parameters of lung epithelial cell lines as measured by mechano-NPS. A
and B, Histogram of A, the free-cell diameter (D) and B, AT for lung epithelial cells (#=100 for
both BEAS-2B and A549). The overlap area of the two AT distribution is 12% of the total area. C,
ATeon of BEAS-2B and A549 cells with respect to cell size. D, 3D plot of the measured biophysical
parameters of BEAS-2B and A549 cells. From Ref (31).

Clear differences are observed in the recovery time after mechanical strain between breast and
lung epithelial cell lines and, in the case of the latter, between malignant and non-malignant
cell lines. Figure 4-11 shows that there was no statistical difference (usinga chi-square analysis)
regarding instantaneous recovery from mechanical deformation among breast epithelial cells
(38.3% malignant MCF-7 cells vs. 50% MCF10-A cells, p=0.101). This is in striking contrast to
lung epithelial cells in which there was a strong statistical difference (p<0.0001) between
malignant and non-malignant cell lines: 37.0% of malignant A549 cells recovered
instantaneously vs. 82.0% of non-malignant BEAS-2B cells screened (Figure 4-11). Even
though both are malignant cell lines, MCF-7 and A549 cell populations show surprising
differences in their composition of transient and prolonged cell-recovery types. Whereas the
majority of screened A549 cells transiently recovered (53.0%), MCEF-7 cells were nearly evenly
divided between transient and prolonged recovery (38.3% and 47.5%, respectively).
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Figure 4-11. Cellular recovery of epithelial cells. The proportion of cells screened that recovered
instantaneously (AT:~0), required 40 ms or less (0<AT,<40ms), or did not recover within the window
of time measured (AT;>40ms). A chi-square test was employed to determine the statistical differences
between the proportions of cell recovery types. There was no statistical difference in recovery types
between MCF10A and MCEF?7 cells. In contrast, there was a significant statistical difference between
BEAS-2B and A549 cells regarding instantaneous recovery (p<0.0001) and transient recovery
(p<0.0001). From Ref (31).

4.3.3 Cell-Surface Interactions in Mechano-NPS

To determine whether cell-surface interactions greatly affect the passage of a cell within the
contraction channel, and in turn contribute significantly to its wCDI, we screened MCEF-7 cells
in channels coated with either poly-D-lysine (PDL) or bovine serum albumin (BSA) and
compared the resulting wCDI with that obtained by screening with a bare-PDMS channel
(Figure 4-12). PDL increases cell-surface interactions by adding positive charges on the PDMS
channel walls (88, 89) and would therefore lead to a lower wCDI. In contrast, BSA inhibits
cellular adhesion to the PDMS surface (90) and would result in a higher wCDI. Figure 4-12B
compares the wCDI obtained when MCEF-7 cells were measured with bare-PDMS and PDL-
and BSA-coated channels at different inlet pressures, i.e. flow speeds. At low pressures
(Pule=7kPa and 14kPa), the average wCDI is appreciably lower in the PDL-coated channel and
higher in the BSA-channel as compared to the bare-PDMS control channel. At Pi.=21kPa,
the inlet pressure at which we performed all our experiments, cells flow at a sufficiently high
enough rate that cell-surface interactions are minimized within the contraction channel. As
shown in Figure 4-12, the obtained wCDI at this inlet pressure for either the PDL- or BSA-
coated channel is not a dramatic shift from that measured with the bare-PDMS control channel.
Moreover, the difference in wCDI among the different surface treatments vs. the bare-PDMS
control channel at 21kPa inlet pressure is significantly less than that measured between
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malignant and non-malignant epithelial cell types (Figure 4-8). We, therefore, conclude that
while surface-interactions do contribute to the wCDI, they are not the dominant factor at the
higher inlet pressures or flow rates used for these studies.
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Figure 4-12. Contribution of cell-surface interaction to the mechanical phenotypes of epithelial
cells. A, Schematic of experimental conditions used to measure the effects of cell-surface
interaction on the wCDI. While poly-D-lysine (PDL) increases the positive charges on the channel
wall for increased cell-surface interaction, bovine serum albumin (BSA) minimizes cellular
adhesion to the channel wall. The control for all experiments was bare PDMS. B, The difference in
wCDI measured when MCEF-7 cells transit a bare PDMS contraction channel (control) and a PDL-
coated channel or a BSA-coated channel (n=99 for all cases) under various fluidic conditions. The
difference in wCDI becomes smaller with greater Piu.. Within each box, the central red line
corresponds to the median, and the edges of the box to 25% and 75% of the population. From Ref

(31).

4.3.4 Contribution of Actin Filaments to the wCDI

Because we propose that mechano-NPS distinguishes cells based on mechanical differences,
we should detect cytoskeletal perturbations. Thus, we treated MCF-7 and MCE-10A cells with
the actin polymerization inhibitors, Latrunculin A (LatA) or B (LatB) (Figure 4-13), and
subsequently screened them under a strain magnitude, €.; ~ 0.3. We found that the cellular
deformation in the transverse direction (eorm) 0f both MCF-7 and MCEF-10A cells treated
with LatA and LatB was significantly reduced compared to their respective controls (Figure 4-
14A), with MCEF-7 cells generally more so than MCEF-10A cells. Furthermore, we found that
the wCDI increased for both LatA- and LatB-treated MCF-7 cells, and for LatA-treated MCF-
10A cells as compared to the untreated control cells (Figure 4-14B). In subsequent experiments,
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we observed that the change in wCDI caused by LatA treatment correspondingly increased
with concentration for both MCF-7 and MCF-10A cells, with the latter more sensitive to the
treatment (Figure 4-15). This is in contrast, however, to no detectable change in wCDI of MCEF-
10A cells no matter the LatB concentration. Overall, the different response of MCF-7 and
MCEF-10A cells to LatA and LatB may be due to differences in F-actin content, but further
experiments are warranted here. As we confirmed with staining and confocal microscopy that
the F-actin filaments were indeed inhibited in the Lat A- and B-treated cells (more so with Lat-
A than with Lat-B as shown in Figure 4-14B), we conclude that mechano-NPS successfully
detects cytoskeletal perturbations induced by exogenous chemicals.

Untreated MCF7 LatA-treated MCF7 LatB-treated MCF7

Untreated MCF10A  LatA-treated MCF10A LatB-treated MCF10A

Figure 4-13. Fluorescence images of MCF-7 and MCF-10A cells after treatment with Latrunculin
A (LatA, 5ug/mL, 1hr) or Latrunculin B (LatB, 5pg/mL, 1hr). Cell nuclei and F-actin are stained with
4’,6-diamidino-2-phenylindole (DAPI, blue) and rhodamine Phalloidin (red), respectively. Scale bar
corresponds to 20 pm. From Ref (31).
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Figure 4-14. Mechanical phenotypes of Latrunculin-treated cells. A, Transverse deformation
(Saeform) Of untreated, LatA-, and LatB-treated MCF7 and MCF10A cells (n=99). Statistical differences
were determined by a paired t-test. B, wCDI distribution of MCF-7 (n=99, Ctrl vs LatA: p=0.0074, Ctrl
vs LatB: p=0.0253) and MCF-10A cells (n=99, Ctrl vs LatA: p=4.8940e-7, Ctrl vs LatB: p=0.9758), in
which cells were either untreated or treated with LatA or LatB. Statistical differences were determined
by a paired t-test. Within each box, the central red line corresponds to the median, and the edges of the
box to 25% and 75% of the population. From Ref (31).

While differences between the wCDI of LatA-treated cells are more pronounced with MCE-
10A cells than MCE-7 cells, the differences in recovery time for Lat A- and LatB-treated cells
in both cell types vs. the control are far more significant. Figure 4-16 shows that Latrunculin
treatment results in the slow recovery of both MCF-7 and MCF-10A cells from the sudden
relief of deformation. Moreover, there is a statistically significant difference between untreated
and treated cells regarding recovery. In the case of MCEF-7, only 8.1% of LatA-treated and 24.2%
of LatB-treated cells instantaneously recover vs. 38.3% of untreated cells. For MCF-10A, the
majority of LatA— and LatB-treated cells (66.7% and 41.4%, respectively) do not recover within
the 40 ms time window our device offers (vs. 9.7% of untreated control cells). As we also found,
the changes in cellular recovery are generally more pronounced at higher concentrations of
Latrunculin treatment (Figure 4-17). These results support the notion that actin filaments
contribute to the ability of cells to retain their original shape (63, 91). Moreover, mechano-NPS
detects differences in recovery from deformation, either transiently or not at all, between LatA-
and LatB-treatment that are consistent with LatA being the more avid inhibitor of actin
polymerization.
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Figure 4-15. Effects of Latrunculin concentration to wCDI. A, wCDI of MCF-7 and B, MCF-10A
cells treated with different concentrations of LatA and LatB (n=100 for all cases). Within each box, the
central red line is the median, the red cross is an outlier, and the edges of the box correspond to 25%
and 75% of the population. Statistical differences were determined by a paired t-test. For all graphs, *,
0% and * indicate p<0.05, p<0.01, p<0.001, and p<0.0001, respectively. From Ref (31).
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Figure 4-16. Recovery time of cells with Latrunculin treatment. The proportion of untreated and
treated MCF-7 and MCF-10A cells screened that recovered instantaneously (AT:~0), required 40 ms
or less (0<AT.<40 ms), or did not recover within window time measured (AT, >40 ms). The statistical
differences between the proportions of recovery types of untreated and treated cells were evaluated by
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a chi-square test. *, **, ** and **** indicate p<0.05, p<0.01, p<0.001, and p<0.0001, respectively. From

Ref (31).
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Figure 4-17. The distribution of recovery time with different Latrunculin concentration. AT; of
LatA- and LatB- treated A, MCF-7 and B, MCF-10A cells with various concentration. Statistical
differences are determined by a chi-square test. *, **, ***, and **** indicate p<0.05, p<0.01, p<0.001, and
Pp<0.0001, respectively. From Ref (31).

4.4 Discussion

Mechano-NPS is a versatile technique that can analyze populations of single cells for a number
of biophysical properties, simultaneously. Our newly defined dimensionless parameter, wCDI,
which corresponds to whole-cell deformability, allows us to compare different cell types
directly. Complementing the wCDI, the quantification of the cellular deformation in the
transverse direction when cells are subject to compressive deformation, cell recovery from
deformation, and the subsequent distribution of different cell-recovery types provide unique
information about a cell population. Utilizing just these three parameters, we have shown stark
differences between, and even patterns of cell recovery among, malignant and non-malignant
cells along with changes in the cytoskeleton. In general, the multi-variable phenotyping
achieved by mechano-NPS provides a comprehensive understanding of single-cell mechanical
behavior. Hierarchical clustering analysis of the NPS-screened mechanical phenotypes

demonstrates a relationship among specific mechanical phenotypes with respect to different
cell lines (Figure 4-18).
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Figure 4-18. Hierarchical relationship among the mechanical phenotypes of breast and lung
epithelial cells. A, Mechanical profiling of non-malignant and malignant breast epithelial cells (MCF-
10A and MCEF-7, respectively). An individual column represents relative intensity of mechanical
phenotypes of each single cell. Blue dashed box (bottom) shows an enlarged heat map of a sub-group
of the entire population. Among the mechanical phenotypes, the wCDI of breast epithelial cells is more
related with Oucform rather than AT.. B, Mechanical profiling of non-malignant and malignant lung
epithelial cells (BEAS-2B and A549, respectively). An individual column represents relative intensity of
mechanical phenotypes of each single cell. Blue dashed box (bottom) shows an enlarged heat map of a
sub-group of the entire population. Among the mechanical phenotypes, wCDI of lung epithelial cells is
more related with AT; rather than Sctorm. From Ref (31).

While we have focused on the wCDI, transverse deformation, and cell recovery here, additional
biophysical parameters could be measured with mechano-NPS simply by adding more node-
pore sequences, which would, for instance, increase the time resolution needed for
investigating the mechanical plasticity of cells. We could also utilize different contraction
channel geometries. For example, in Chapter 6, I introduce visco-NPS which utilizes a

42



sinusoidal contraction channel. This channel can, as will be discussed, induce periodic
deformation to probe cellular viscoelastic properties. Taken together, the many biophysical
properties that could be measured with mechano-NPS would lead to a better understanding of
the origins of specific cellular mechanical properties and the mechanical contributions of
different cellular components (e.g. cytoskeleton, nuclear envelope, organelles, and their own
associated non-linear properties). In general, however, mechano-NPS in its present form
successfully mechanically phenotypes cells for identification. Additional attractive features of
mechano-NPS include that it is label-free, screened cells remain viable (Figure 4-19), and the
potential to couple this technique with microfluidic cell-sorting technologies.
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Figure 4-19. Cell viability after mechano-NPS screening. A, Viability of A549 cells after being
screened with a 0.45-magnitude strain magnitude. The control corresponds to unscreened A549 cells
kept at 4°C throughout the time the other cells were screened. All error bars are expressed as standard
deviation. B, Fluorescence images of control and screened cells after Live/Dead assay (LIVE/DEAD®
Viability/Cytotoxicity Kit, ThermoFisher, L-3224). Green corresponds to live cells (yellow arrows) and
red to dead cells (red arrows). Scale bar corresponds to 200 um. From Ref(31).

In terms of throughput, we screened up to 350 cells/min with our mechano-NPS device in the
experiments we have presented. Because of the overall length of the channel, coincidence
events, in which more than one cell occupies the channel at any given time, occur on occasion,
especially when screening a high concentration of cells. Because of their complexity, current
pulses arising from these events are presently removed from analysis. Implementing advanced
signal processing, such as match filtering, could deconvolve these particular pulses and
substantially increase throughput by enabling higher flow rate and higher concentration of
cells (92, 93). Although it currently has significantly lower throughput compared to
hydrodynamic stretching cytometry (11), deformability cytometry (58, 59), and RT-DC (13),
mechano-NPS does not rely on optical imaging and therefore can easily be scaled up. Many
mechano-NPS channels can be operated in parallel, resulting in overall increased throughput
(potentially on the order of many thousands of cells/min), while importantly still maintaining
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the ability to examine cell recovery. Equally important, the simplicity of mechano-NPS, even
in multiplexed form, is preserved.

Using mechano-NPS and various other different methods to measure cell-to-cell mechanical
properties open up new possibilities to understanding the biological underpinnings of the
different measurements. Mechano-NPS reveals and quantifies emergent functional properties
of the cytoskeleton of cells. Consequently, mechano-NPS can evaluate cytoskeleton-targeted
drugs (e.g. estramustine, colchicine, and paclitaxel), which are often employed in cancer
therapies (94, 95), and may provide a new window into drug resistance of cancer cells, which
could be caused in part by their cytoskeletal components (96, 97).

Overall, mechano-NPS represents an efficient, simple, and direct means to quantify
multiple mechanical properties of single cells in heterogeneous populations.
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5 MECHANICAL PHENOTYPING OF HUMAN
MAMMARY EPITHELIAL CELLS

Chapter Overview

This chapter describes using the mechano-NPS platform introduced in Chapter 4 to identify
mechanical phenotypes of human Mammary Epithelial Cells (hMECs). Mechano-NPS is
shown to distinguish sub-lineages of hMECs and track malignant progression.

5.1 Introduction

hMECs broadly consist of two lineages, myoepithelial (MEP) cells and luminal epithelial (LEP)
cells (Figure 5-1). MEP and LEP cells have distinct roles in breast tissue. MEP cells play active
roles in ductal contraction and in tumor suppression, and LEP cells produce milk and may
represent a target-cell-type for carcinogenesis (98). Previous studies of mammary epithelia
have implicated profound roles of cytoskeletal components in morphogenesis (46, 99, 100). To
determine whether mechano-NPS could discriminate different lineages and chronological age
groups within a population of primary epithelial cells, we screened the mechanical phenotypes
of h(MECs.

Mammary duct

Luminal epithelial
cells

e

Figure 5-1. Cellular structure of the human mammary gland. The mammary duct consists of an
outer layer of myoepithelial cells (red) that surround an inner layer of luminal epithelial cells (blue).

Myoepithelial
cells

5.2 Experimental Method

5.2.1 Cell Culture and Preparation

Primary hMEC strains were obtained from our collaborators, Prof. Mark LaBarge (City of
Hope) and Dr. Martha Stampfer (Lawrence Berkeley National Laboratory, LBNL), who
generated and maintained these strains as described previously (101, 102). HMECs were
grown in M87A medium containing cholera toxin and oxytocin at 0.5 ng/mL and 0.1nM,
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respectively. Details on the derivation and culture of these hMEC strains can be found
at Human Mammary Epithelial Cell (HMEC) Bank Website (103). Research was
conducted under LBNL Human Subjects Committee IRB protocols 305H002 and 108 H004
which allow for the use of AMEC samples for future scientific research.

5.3 Results

5.3.1 Population Characterization of Sub-lineages

We measured the mechanical characteristics of two sub-lineages of hMECs (i.e. MEP and LEP
cells). Since both MEP and LEP cells have a similar size range (Figure 5-2), we employed a 10
nm-wide contraction channel, corresponding to an &, ~0.4 for all measurements. Figure 5-3
shows the relationship among the measured parameters of MEP and LEP cells (derived from a
66-year old woman, strain 237) that were FACS-enriched ahead of mechano-NPS
characterization. Although LEP cells, on average, had a similar transverse deformation as that
of MEP cells, they required less time to pass through the contraction channel (Figure 5-3), thus
suggesting that they are more deformable to an applied strain in the channel-width direction.
Furthermore, while the deformed diameter and transit time of both lineages are dependent on
the free cellular diameter, there are clear differences between the wCDI distribution of MEP
(wCDI = 0.865+0.107) and LEP (wCDI = 1.133+0.144) cells (Figure 5-4A). In terms of cell
recovery, MEP and LEP cells show a similar distribution of recovery types (Figure 5-4B).
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Figure 5-2. Biophysical parameters of hMECs as measured by mechano-NPS. A and B, Histogram
of A, the free-cell diameter (D.a) and B, ATon for sorted sub-lineages of hMECs (n=99 for both
myoepithelial (MEP) cells and luminal epithelial (LEP) cells). The overlap area of the two ATcon
distributions is 68% of the total area. C, ATcon of MEP and LEP cells with respect to the cell size. D, 3D
plot of the measured biophysical parameters of MEP and LEP cells. From Ref (31).
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Figure 5-3. 4D plot of the cell diameter (Dca), elongated length (Lactorm), transit time through the
contraction channel (ATcu), and recovery time (AT,) of myoepithelial (MEP, n=99) and luminal
epithelial (LEP, n=104) breast cells. Dotted ovals group each sub-lineage (MEP: red and LEP: blue).
Pre-sorted MEP and LEP cells were screened with an applied strain magnitude &~ 0.4. From Ref (31).
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Figure 5-4. Mechanical Phenotyping of hMECs. A, wCDI distributions of MEP and LEP lineages
(p=1.2047e-25). Statistical differences were determined by a paired t-test. The red and blue lines
correspond to the fitted normal distribution of MEP ( wCDI=0.865+0.107 ) and LEP
(wCDI=1.133+0.144) cells, respectively. The wCDI overlap between the two lineages is 29.3%. B,
Distribution of pre-sorted MEP and LEP cells that have instant (AT,~0,), transient (0<AT,<40 ms), or
prolonged (A4T,>40 ms) recovery. From Ref (31).

We also measured the mechanical properties of primary hMEC cultures that consisted of
mixtures of MEP and LEP cells from eight women of different chronological age (four pre-
menopausal women aged <30y and four post-menopausal women aged >55y). Using the
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Expectation-Maximization algorithm (104), in which the wCDI distribution function of sorted
MEP and LEP cells obtained in our earlier experiments (Figure 5-4A) were used as initial
values, we determined the ratio () of MEP and LEP cells within each primary hMEC strain
(Figure 5-5) and subsequently compared this ratio to FACS analysis of CD10+/CD227- MEP
and CD10-/CD227+ LEP (Figure 5-6). The component ratios of MEP and LEP cells, as
determined by the wCDI distributions, match exceptionally well with those obtained from
FACS, as confirmed by a chi-square test with a p-value = 0.05 (Table 5-1). Indeed, the two
methods are statistically indistinguishable. Although age-dependent differences in wCDI were
not detected, age-dependent differences were readily apparent in recovery. Figure 5-7 show the
composition of cell-recovery type for MEP and LEP cells of the young and old hMEC strains.
Younger hMEC strains strikingly have a higher proportion of cells that recover instantaneously
(an average of 47.8%) as compared to older strains (an average of 19.9%), suggesting that the
cytoskeleton in younger cells is more resilient or more active, and in turn more responsive, to
mechanical deformation.
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Figure 5-5. wCDI distribution of hMECs derived from young (y=age, 240L; n=54, 59L; n=53, 51L;
n=50, 124; n=54) and old women (112R; n=62, 237; n=59, 122L; n=54, 29; n=60). Outliers over 3
standard deviation of the mean were removed. The black dashed line corresponds to the fitted normal
distribution of hAMECs (MEP+LEP). The red and blue solid lines represent the normal distribution of
MEP and LEP cells, respectively, with the ratio (&) of each lineage in the hMEC population as
determined by the Expectation-Maximization algorithm (104). From Ref (31).
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Figure 5-6. Fluorescence-activated cell sorting (FACS) analysis of hMECs. Representative
histograms of MEP and LEP cells based on CD227 expression in different primary HMEC-strain
populations after the fourth passage. Blue- and red-colored histograms correspond to the unstained
negative control and CD227-stained cells, respectively (FITC, mouse anti-human CD227, Clone
HMPV, BD Biosciences 559774). The component ratios of MEP and LEP cells, as determined by FACS,
match exceptionally well with those obtained from the wCDI distributions, as confirmed by a chi-
square test with a p-value = 0.05 (Table 3). From Ref (31).
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Figure 5-7. The proportion of hMECs from young (A) and old (B) women that have instant,
transient, or prolonged recovery from applied strain. From Ref (31).

Table 5-1. Chi-square (x2) score of hMEC strains comparing wCDI with FACS analysis. From Ref
(31).

Strain 240L 59L 51L 124 112R 237 122L 29
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MEP y* 0.242 0.368 0.361 0.060 0.037 0.618 0.127 0.384
LEP y? 0.805 1.769 3.615 1.634 0.386 1.814 0.881 1.463

5.3.2 Effects of Malignant Progression to Mechanical Phenotypes

We next determined whether hMECs traversing the stages of malignant progression have
distinctive mechanical signatures that could be used to track these stages. Our collaborator on
this project, Prof. Mark LaBarge at the City of Hope, previously reported a method for
producing post-stasis and immortal h(MEC cell lines in the absence of gross, and confounding,
genomic errors (105). In our particular experiments, expression of p16 shRNA or cyclin D1
was used to bypass the stress-induced stasis barrier, and expression of c-myc was used to bypass
the replicative senescence barrier and generate immortal non-malignant cell lines (Figure 5-
8). We used mechano-NPS to generate wCDI profiles and the recovery-type distribution of
primary normal hMEC strains (240L and 122L), post-stasis finite strains (240L-p16sh, 240L-
D1, 122L-plésh, and 122L-D1), and immortal non-malignant cell lines (240Lpl6sMY,
240LDIMY, 122Lpl16sMY, and 122LDIMY). Each stage of malignant progression had a
unique wCDI distribution. 240LD1IMY, 122LDIMY, and 122Lpl16sMY are known to have
molecular and biochemical signatures of the luminal cancer subtype (106). Their wCDI
profiles show a mean that is greater than those of their normal isogenic hMEC predecessors,
which also is consistent with a more LEP phenotype (Figure 5-9). In contrast, 240p16sMY have
a molecular and biochemical phenotype of basal breast cancers, which bear more similarity to
MEDP than to LEP lineage, and the wCDI distribution was more consistent with that of MEP
(Figure 5-9). The post-stasis finite strains exhibited wCDI distributions that were intermediate
phenotypes between normal hMEC and the isogenic immortal malignant cell lines, in a
manner consistent with the eventual intrinsic luminal- or basal-like subtype of the immortal
lines (Figure 5-9). Interestingly, all immortal non-malignant cell lines screened have a greater
fraction of cells that exhibit instant or transient recovery as compared to those of post-stasis
finite strains (Figure 5-10). When comparing the older pre-stasis strain, 122L to the isogenic
immortal cell lines, there was a particularly stark decrease in recovery time (Figure 5-10). Thus,
we observed two different types of mechanical signatures: wCDI differed between the MEP and
LEP lineages, whereas recovery from deformation was a distinguishing characteristic of
chronological age. Moreover, these data provide functional evidence to suggest that the process
of immortalization is associated with fundamental changes in the ability of cytoskeletons to
respond to deformation.
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Figure 5-8. The stages of malignant progression in breast epithelia. From Ref (31).
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Figure 5-9. wCDI distribution of hMECs per the outlined immortalization steps when cells were
screened with an applied strain of £~0.4 (n=54 for all cases). Compared to primary cells (240L and
122L, respectively), each population has following p values, 240L-pl6sh: p=0.5306, 240Lp16sMY:
p=0.0003, 240L-D1: p=0.0005, 240LD1IMY: p=0.0094, 122L-p16sh: p=0.0205, 122Lp16sMY: p=0.5668,
122L-D1: p=0.023, and 122LDIMY: p=0.011. Statistical differences were determined by a paired t-test.
Within each box, the central red line is the median, the red cross is an outlier, and the edges of the box
correspond to 25% and 75% of the population. *, **, ***, and *** indicate p<0.05, p<0.01, p<0.001, and
Pp<0.0001, respectively. From Ref (31).
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Figure 5-10. Distribution of instant (AT:~0,), transient (0<AT:<40 ms), or prolonged (AT:>40 ms)
recovery within each hMEC population per immortalization step. The statistical differences between
the proportions of recovery types of primary cells and each stage of malignant progression were
evaluated by a chi-square test. *, **, **, and **** indicate p<0.05, p<0.01, p<0.001, and p<0.0001,
respectively. From Ref (31).

5.4 Discussion

The ability of our platform to rapidly characterize mechanical properties in populations of cells,
such as hMECs, lends itself to numerous applications in cell biology and basic research. For
example, mechano-NPS could be used to assay rapidly common laboratory cell lines cultured
under different conditions and confluences, and to determine whether cells coming out of
culture are in a similar state from day-to-day. Clinically, mechano-NPS may yield a new
approach to early detection of breast and other types of cancer genesis through analyzing
epithelial cells and their composition ratio. Indeed, we have already demonstrated mechano-
NPS’s ability to distinguish between LEP and MEP lineages in mixed populations, between
epithelial cells from pre- or post-menopausal women, and between normal and immortal
transformed epithelial cells from the same individual. The proportions of MEP and LEP
subpopulations in mammary epithelium is highly associated with age of women (101), and
when combined with distinct deformation recovery phenotypes in normal and transformed
cells, mechano-NPS may yield valuable information regarding risk or diagnosis of breast
cancer. LaBarge et al. (101) previously reported that the intrinsic subtype of immortal
transformed hMEC was observable at the earliest stage of progression, bypass of stress-induced
stasis, using molecular and biochemical markers of lineage. Here, we show that the stage of
progression and the intrinsic subtypes are associated with distinctive mechanical phenotypes,
opening up the possibility that wCDI could be used in a diagnostic setting as well.
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6 MICROFLUIDIC RHEOLOGY THROUGH VISCO-
NODE-PORE SENSING

Chapter Overview

This chapter introduces an electronic-based microfluidic platform to measure the viscoelastic
properties of cells at the single-cell level. Compared to the mechano-NPS platform described
in Chapters 4 and 5 that screens various types of cells for their mechanophenotype, visco-NPS
provides a more in-depth biophysical understanding of cellular mechanics. By measuring the
viscoelastic properties of cells and the frequency-dependence of these properties, we can
determine the effects of malignancy, cytoskeletal structure, and cellular mechanical transitions
that occur throughout the cell-cycle on whole-cell mechanical properties.

6.1 Introduction

Cellular mechanical properties are recognized as important indicators of biologically relevant
functions of cells and tissues (107, 108). In particular, viscoelastic properties provide valuable
information regarding how cells facilitate their movement and minimize damage from
external stimuli through storing and dissipating energy (109, 110). Governing the viscoelastic
responses of cells are intracellular components such as actin filaments, microtubules, and the
nucleus—all of which play important roles in the dynamics of cell proliferation (111),
migration (112), differentiation (41, 113), and apoptosis (114). Mechanical characterization of
cells also provides clinical merits in terms of detecting cellular changes that are due to, for
instance, cancer malignancy (31, 115, 116), cell-cycle (13, 117), stem cell differentiation (118-
120), or epithelial-mesenchymal transition (EMT) (121, 122). Thus, analyzing viscoelastic
properties of cells provides not only a fundamental understanding of biophysical
characteristics but also a tremendous potential for clinical applications.

To quantify the viscoelastic properties of cells, different rheological methods have been
developed. To name just a few examples, micropipette aspiration (123, 124), microplate
rheometer (10, 125), optical stretcher (126, 127), and atomic force microscopy (AFM) (80, 128)
have all been used to measure the viscoelastic properties of cells with respect to different
loading conditions, such as force magnitude and deformation frequency. These methods,
however, have low throughput (only a few cells/hour (53, 129, 130)) and consequently are not
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capable of screening large populations of cells—a critical need for clinical applications. To
address this key drawback, a number of higher throughput microfluidic platforms have been
developed, including hydrodynamic stretching cytometry (11, 58), real-time deformability
cytometry (RT-DT) (13), and mechano-NPS (31). These particular methods, however, focus
on mechanically phenotyping cells for screening purposes and do not provide the means to
investigate basic cellular mechanics. Recent studies have reported microfluidic platforms that
take a rheological approach and drive cells through a confining channel to measure their
cellular viscoelastic properties (131, 132). However, these platforms rely on imaging, and
consequently, they have a very limited temporal- and spatial- window for measurement, which
in turn, severely restricts sample size and experimental conditions. Key information such as
what is the frequency dependency of viscoelastic properties and what is the origin of whole-
cell properties cannot be easily obtained. Thus, despite the many different platforms for cell
mechanical measurements that exist today, none thus far are able to provide a comprehensive
view of cellular mechanics.

Here, we introduce a novel microfluidic, all electronic-based platform to measure cellular
viscoelastic properties. Our platform, visco-NPS, employs a rheological approach by utilizing
a sinusoidal-shaped contraction channel. Cells that traverse the channel undergo an oscillating
deformation as a result of the channel’s periodically changing width. By integrating this unique
channel with a node-pore sensor (15), we are able to measure the storage (elasticity) and loss
(viscosity) modulus of cells. As we demonstrate, visco-NPS can successfully quantify the
differences in the viscoelastic properties between malignant and non-malignant epithelial cells.
Moreover, it can ascertain the individual contributions of cytoskeletal components, i.e. actin
filaments and microtubules, to the mechanical behavior of cells. Finally, visco-NPS can
determine the changes in cell mechanical properties that result from the dynamic transitions
that the cytoskeleton and nucleus undergo during the cell cycle. Overall, visco-NPS represents
an efficient, simple, and direct means to quantify the mechanical properties of single cells.

6.2 Experimental Methods

6.2.1 Platform Design

Visco-NPS consists of a microfluidic channel embedded in a polydimethylsiloxane (PDMS)
mold that is bonded to a glass substrate with pre-defined platinum (Pt) electrodes and gold
(Au) contact pads (See Chapter 3 for a detailed description of the device fabrication) (Figure
6-1A). The embedded channel has multiple components: in-plane filters and a sinusoidal
contraction channel flanked by a set of pores and nodes (Figure 6-1B). The in-plane filters have
25 um-wide gaps and subsequently remove cellular clusters that would otherwise clog the
contraction channel. The first node-pore region measures, with sufficient SNR, the free-cell
size based on the Coulter principle (15, 16, 31, 133) (See Chapter 2 for a detailed description).
With its periodically changing width (we=w,+acos(mt), where w., &, and @are the initial width,
strain amplitude, and deformation frequency, respectively), the contraction channel measures
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the viscoelastic properties of transiting cells as they undergo a sinusoidal deformation (Figure
6-2A). For the experiments described here, the contraction-channel dimensions were chosen
such that MCF-7 and MCF-10A cells were subject to the same strain, £=0.4+0.1cos(at) (Figure
6-3 and Table 6-1). Different periodic contraction channel lengths (L,) were employed to
control the deformation frequency applied to each cell type. Pressure-driven flow (13.7 ~ 27.6
kPa), via a commercial microfluidic flow controller (OB1 MK3, Elveflow), is used to drive 10
~ 50 cells per minute cross the channel without coincidence events. By varying the flow rate, a
wide range of @ is achieved even with the same L. A four-terminal measurement, as detailed
in Chapter 3, is employed to measure the current across the channel (15, 16, 134). After low-
pass filtering to remove noise from the measured signal, a derivative cut-oft detection method
(described in Chapter 3 and Appendices A and B) is employed to identify the start and end
time point of each sub-pulse (Al, and AL in Figure 1D) (31).

B Pore
Glass
substrate Flow direction j / o \

V+ I+
|

>

-plane filters

substrate ———J" Contraction channel
Node

Figure 6-1. Structure of visco-NPS. A, photographic image of visco-NPS. The platform consists of a
PDMS mold of a microfluidic channel bonded to a glass substrate with pre-defined electrodes (Blue
dashed box). B, A schematic of the microfluidic channel, which has three main features: a pore, a node,
and a sinusoidal contraction channel (Green dashed box). The outer electrodes apply a DC voltage
across the channel, and the inner electrode pair measures the current across the channel. The in-plane
filters, with their 25 pm gaps, prevent cellular clusters from entering the contraction channel. The inset
shows the sinusoidal geometry of the contraction channel. The width of channel (w.) gradually changes
as a cosine function (wo+acos(at)). L,, wo, @ and @ correspond to the contraction channel’s periodic
length, initial width, strain amplitude, and deformation frequency, respectively. From Ref (32).
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Figure 6-2. Cellular deformation through visco-NPS. A, Time-snapshots of an MCF-10A cell in
each region of the microfluidic channel with the time sequence indicated by the red arrow. Because w.
(=8.75+1.5cos(awt)) gradually changes along the channel length (L,=1000 pm), the sinusoidal geometry
of the contraction channel is not visible with the naked eye. B, Expected current pulse produced by a
cell transiting the microfluidic channel. Al,and Al correspond to the current drop by a cell transiting
a node-pore and the contraction channel, respectively. The periodically changing width of the
contraction channel causes the current drop to have the shape of sinusoidal function (red solid line).
AT. indicates the time duration of a cell transiting through the entire contraction channel. The inset
shows an actual current pulse produced by an MCF-7 cell traversing a microfluidic channel with L,
=500 um, a flow rate of 1.89 mm*/min, and w. of 10.5+1.5cos(wt). From Ref (32).
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Figure 6-3. Distribution of free cell diameter for A, MCF-7 (D.ai=17.0£2.63um, n=585) and B,
MCF-10A (Dcei=15.2+1.48um, n=515) cells. The black and grey solid lines correspond to the normal
distribution of MCF-7 and MCF-10A cell diameter, respectively. From Ref (32).

Table 6-1. Microfluidic channel dimensions and the applied strain to cells. L,, Wy, and w,
correspond to the periodic length of the contraction channel, pore width, and the contraction channel
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width, respectively. Deai is the free cell diameter (meantstandard deviation) and & the applied strain to
the cells. From Ref (32).

Cell type Ly, [um]  Wpore [um] we [um] Dea [pm] g

1000
MCE-7 500 22 10.5+1.5cos(mt) 17.0£2.63

1000 0.4+0.1cos(mt)
MCEF-10A 500 18 8.75+1.5cos(wt) 15.2+1.48

To validate statistical significance, an unpaired t-test, two-way ANOVA test, and/or Pearson
correlation coefficient test was performed. Power analysis was employed to ensure that the
measured sample size provides adequate power (>0.08) to detect statistical differences
compared to their control groups with 95% confidence interval. All experimental groups with
p-value <0.05 showed sufficient power value with the analyzed sample size (1=100) (Table 6-
2). All data presented in this study were measured using two different microfluidic devices per
experimental case to ensure repeatability of results. For example, the storage modulus (G’) of
MCEF-10A cells was measured with two different device replicas. A comparison of the results
showed no statistical difference (Figure 6-4).

10 p=0.956

Storage modulus [kPa]
(0]

MCF10A(1) MCF10A(2)

Figure 6-4. Storage modulus (G’) of MCF-10A cells from different replicas of the visco-NPS device
at a deformation frequency of 140 Hz. G’ of MCF-10A cells as measured by the two different device
replicas show no statistical difference through an un-paired t-test (MCF-10A(1): n=92, MCF10A(2):
n=76, and p=0.956). Within each box, the central line is the median and the edges correspond to 25%
and 75% of the G’ distribution. From Ref (32).

Table 6-2. Power of experimental groups with p<0.05. The 2-sample and 2-sided power analysis with
95% of confidence interval was employed to ensure experimental groups have adequate power
compared to their own control groups. With the analysed sample size (n=100 for all), all experimental
cases show adequate power (>0.08). ., corresponds to the averaged deformation frequency. From Ref
(32).

Cell type MCE-7_Jas MCE-7_Jas MCE-7_Jas MCEF-7_LatB MCEF-10A_Jas
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g [Hz] 125 200 275 275 100
Power 0.987 1.000 0.999 1.000 1.000
Cell type MCF-10A_]Jas MCF-10A_LatB  MCF-10A_LatB MCF-7_TAX MCF-7_TAX
g [Hz] 140 100 140 125 200
Power 0.995 0.978 0.976 1.000 0.999
Cell type MCF-7_Noc MCF-7_Noc MCF-7_Noc MCF-10A_TAX MCF-10A_Noc
g [Hz] 125 200 275 180 100
Power 1.000 0.966 1.000 0.990 1.000
Cell type MCF-10A_Noc  MCF-10A_Noc

@ug [Hz] 140 180

Power 1.000 1.000

6.2.2 Electronic-based Measurement of Visco-NPS

We quantified multiple biophysical properties of cells, including free-cell diameter and
deformation, by employing NPS (15, 16, 31) (See Chapter 2 for detailed information). As
shown in Figure 6-2B, a unique current pulse is measured when a cell transits the channel. This
unique pulse reflects the channel geometry, leading to the current pulse with the overall
periodic structure. When the cell specifically transits the sinusoidal contraction channel and is
periodically deformed, the resulting current sub-pulse also oscillates.

To determine the size a cell, Equation (2.6) is employed, where AL I, d, D, L correspond to
current drop, baseline current, cell diameter, effective channel diameter, and overall channel
length, respectively (24, 134). D. is numerically determined by measuring the AI/I caused by
polystyrene microspheres of known size, d, traversing the channel (Table 6-3). The effective
diameter of the first node-pore region, D 4, can thus be determined and used with Al/I in
Equation (2.6) to quantify the free-cell dimeter (Dca). The effective contraction channel
diameter (D._) is determined by a ratio of the hydraulic diameter of the node-pore and the
contraction channel (D¢ (=De np+/We/Wpore )- To quantify cellular deformation in the
contraction channel, we assume that the cell undergoes an isometric deformation in a plane
parallel to the channel’s side walls and is consequently disk shape (Figure 6-5). We determine
the deformed cell diameter (Dq) from AIL/I ~Vaeform/ Veontractions Where Viegorm and Veonraction are the
volume of the deformed cell and contraction channel, respectively (31).

Table 6-3. Quantification of the channel’s effective diameter. Polystyrene microspheres

(Polysciences, #64155) were used to measure the effective diameter of the node-pore channel region
(De_np) (n=20 for all cases). Within the table, d, AI/I, Wpore, L, and Ly, correspond to the average diameter
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+ standard deviation of the spheres, width of pore, total channel length, and periodic length of the
contraction channel, respectively. From Ref (32).

d [um] A/l Whore [HM] L [pm] L, [pm] De_pp [um]
5.39e-4 97 6500 1000 31.30
9.09¢-4 4000 500 27.70
14.73+1.36
8.17¢e-4 18 6500 1000 26.10
14.54e-4 4000 500 25.45

6.2.3 Cell Culture and Preparation

MCE-7 cells (ATCC HTB-22)) were cultured in DMEM (Fisher Scientific,c BW12719F),
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1% Pen-Strep.
MCEF-10A cells (ATCC CRL-10317") were cultured in MEBM medium (ATCC® PCS-600-
030™), supplemented with 0.1% insulin, 0.1% human Epidermal Growth Factor, 0.4%
hydrocortisone, and 10% cholera toxin. All cell cultures were maintained at 37°C in 5% CO,
and routinely passaged, per published protocols (135), once they reached 80% confluence.
Cells were dissociated with 0.25% trypsin/EDTA for either 3 min (MCF-7 cells) or 5 min
(MCEF-10A cells) at 37°C (67, 136, 137), washed with respective growth media, centrifuged at
0.2 RCF for 4 min, and re-suspended at a concentration of ~500,000 cells/mL in PBS. To ensure
cell viability, cells were injected into the prepared devices for measurement immediately
following re-suspension.

6.2.4 Pharmacological Treatment for Cytoskeletal Components

Jasplakinlide (Jas, Abcam, USA) and Latrunculin B (LatB, Enzo Life Science, USA) were used
to stabilize and disrupt actin polymerization, respectively. Paclitaxel (TAX, Abcam, USA) and
Nocodazole (Noc, Thermo-Fisher Scientific, USA) were used to stabilize and perturb
microtubule formation, respectively. All drugs were dissolved in dimethyl sulfoxide (DMSO)
and then added to the respective growth medium for each cell type to achieve a final
concentration of 200nM Jas, 5 ng/mL LatB, 2 uM TAX, and 20 uM Noc. Prior to measurement,
MCE-7 and MCF-10A cells were incubated with Jas, LatB, TAX, or Noc solution for 6, 2, 18,
or 10 hours at 37°C, respectively. The concentration and incubation time of the
pharmacological treatments were chosen to have an adequate effect on the cells and are based
on previously published work (31, 138). Cells were detached from their culture flask with
0.25% trypsin/EDTA, rinsed once with growth medium, centrifuged at 0.2 RCF for 4 min, and
re-suspended in PBS at a concentration of ~500,000 cell/mL. To confirm that actin
polymerization was successfully stabilized or disrupted by the treatment, cells were fixed with
4% (w/v) of paraformaldehyde in PBS for 15 min. They were then permeabilized with 0.1%
Triton-X 100 (Sigma-Aldrich, USA) in PBS for 5 min. To visualize the effects of Jas and LatB
treatments, cell nuclei and actin filaments were counter-stained with 4’,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, USA) and rhodamine phalloidin (Thermo-Fisher
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Scientific, USA), respectively, using the protocols provided by the manufacturer. Stabilization
and de-activation of microtubules were confirmed by staining with CellLight® Tubulin-GFP
(Life Technology, USA) for live cells. For DAPI nuclear staining, cells were fixed and
permeabilized using the same protocol described above. All stained cells were imaged with a
Zeiss LSM780 confocal microscope.

6.2.5 Cell-cycle Synchronization

A standard double-thymidine block and release protocol was used to synchronize MCE-7 cells
to the border of Gap 1 (G1)/Synthesis (S) phase (139). Briefly, cells were first treated with 2.5
mM of thymidine (Sigma-Aldrich, USA) for 20 hours, released into growth medium for 9
hours, and then treated once again with thymidine for an additional 16 hrs. Once
synchronized, cells were captured in S- or G1- phase by incubating in fresh medium for 30 min
or 12 hrs, respectively. To capture cells in Gap 2 (G2) phase, synchronized cells were incubated
with 9 uM of CDK1 inhibitor RO3306 (VWR, USA) for 5 hours. Cells in Mitosis (M) phase
were captured by incubating synchronized cells with 10 uM of dimethylenastron (VWR, USA)
for 10 hours. All incubations were performed at 37°C with 5% of CO,. To validate cell-cycle
synchronization, cells in each phase were fixed and stained with DAPI (Sigma-Aldrich, USA)
and rhodamine phalloidin (Thermo-Fisher Scientific, USA). The DNA content in the nucleus
was quantified using DAPI fluorescence intensity. All synchronized cells were analyzed with
visco-NPS using the methods described above.

6.3 Results

6.3.1 Measuring the Viscoelastic Properties of Epithelial Cells

We investigated and compared the viscoelastic properties of malignant MCF-7 and non-
malignant MCF-10A breast epithelial cells. Both cell types were subject to periodic
deformation as they traveled through our platform’s sinusoidal contraction channel. By using
contraction channels of different L, in combination with a range of controlled flow rates, we
were able to achieve a wide range of effective deformation frequencies (@) with respect to
different cell populations. As shown in Figure 6-5A and B, @ ranged from 20 Hz to 300 Hz for
MCEF-7 cells, and 20 Hz to 200 Hz for MCEF-10A cells. Each @ range was sufficiently large to
quantify the dynamic response of the respective cell types. To determine how cell-(channel)
surface interactions vary with respect to the cell types utilized in our studies and with respect
to frequency, we measured g4 (Figure 6-6). We observed no statistical difference among s«
values for MCF-7 and MCF-10A cells throughout the entire frequency regimes tested. We
subsequently treated our channels with Bovine Serum Albumin (BSA) and observed a 1.1%
decrease in the mean value of £ for both MCF-7 and MCF-10A cells as compared to the
untreated control case (Figure 6-6). Based on these results, we concluded that utilizing bare,
untreated PDMS devices is appropriate under our given experimental conditions and that cell-
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surface interactions, while present, ultimately do not contribute significantly to the
quantitative analysis of the cellular viscoelastic properties that our platform performs.
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Figure 6-5. Viscoelastic properties of breast epithelial cells. A and B, Deformation frequency ()
of A, MCF-7 and B, MCF-10A cells (n=100 for all cases). L, and vpore correspond to the period of
the contraction channel length and the flow velocity at the pore prior to the contraction channel,
respectively. By changing L, and vpe., we can adjust the @ with which cells experience in the
contraction channel. Error bar represents standard deviation. C, Storage (G’, solid circle) and loss
(G”, empty circle) modulus of MCF-7 and MCEF-10A cells (n=100 for all cases). Solid and dashed
lines indicate the power-law structural damping model (Equation (2.11)) of the storage and loss
modulus with respect to deformation frequency (w), respectively. MCF-7 cells have a smaller
power-law exponent (2=0.44+0.006) than MCE-10A cells (¢=0.69£0.005). Overall, MCF-10A cells
show a greater G’ compared to MCF-7 cells. Both cell lines have a much larger G’ value as compared
to that of G”. All error bars in x- and y-axis correspond to standard deviation. From Ref (32).

Figure 6-5C shows the storage (G’) and loss (G”) modulus (i.e. elasticity and viscosity,
respectively) of MCF-7 and MCF-10A cells. Throughout the entire frequency range we tested,
G’ is greater for MCF-10A cells than MCF-7 cells, indicating that these cells are generally stiffer.
To investigate the frequency-dependent viscoelastic response of cells, we employed the power-
law structural damping model discussed in Chapter 2 (solid and dashed lines in Figure 6-5C).
Table 6-4 provides the measured power-law components—G (scaling factor), a (power-law
exponent), and x (Newtonian viscosity)—that we derived from measuring both cell types. As
indicated in Table 1, &z is much larger for MCF-10A than MCE-7 cells (0.69 vs. 0.44), reflecting
the fact that their G’ increased more rapidly with deformation frequency. Physically, MCF-10A
cells have a far stiffer mechanical response to increasing @ than MCEF-7 cells. In regard to
viscous behavior, both cell types have exceedingly small G” values as compared to G’
throughout the entire frequency regime tested, with MCF-10A cells having a G” value only
slightly larger than that of MCF-7 cells. The very small G” values we obtain indicate that both
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malignant and nonmalignant breast epithelial cell lines have “solid-like behavior”, i.e. they
have low viscosity, at the single-cell level. This is remarkably different from that observed at
the tissue level, where malignant breast tissue has been shown to exhibit a more viscous
response to oscillating stimuli as compared to normal tissue (140).
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Figure 6-6. Interaction between cell surface and channel wall. A, Measured frictional coefficient
(1) of MCF-7 (blue) and MCF-10A (red) cells as they transit through bare PDMS devices (n=100 for
all cases). No statistical difference was found in pi for both cell types throughout the entire @ regime
measured. B, Schematic drawing of the experimental conditions (bare PDMS vs. BSA-treated PDMS)
used to measure the effects of cell-surface interaction on 4. BSA treatment minimizes cellular adhesion

to the channel wall. C, 24 of MCF7 and MCF10A cells as they transit through bare PDMS and BSA-
treated channels (n=100 for each case). For all graphs, error bar represents standard deviation. ****
indicates p<0.0001. From Ref (32).

Table 6-4. Parameters of the power-law structural damping model with corresponding

standard error. Go, o, and u denote the shear modulus at zero frequency, power-law coefficient,
and viscosity, respectively. From Ref (32).

Gy [Pa] o u [Pas]
MCE-7 396.42+12.438 0.44+0.006 2.17%+0.045
MCEF-10A 235.02+5.789 0.69+0.005 2.15+0.074

6.3.2 Contribution of Cytoskeletal Components on Cellular Properties

The cytoskeleton is an important component governing cellular mechanical behavior (141). In
order to investigate the individual contributions of cytoskeletal actin filaments and
microtubules to the mechanical properties of cells, we analyzed the viscoelastic response of
MCEF-7 and MCE-10A cells when they were subject to different pharmacological treatments.
Specifically, we stabilized actin filaments with Jasplakinlide (Jas, Figure 6-7) and de-activated
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them with Latrunculin B (LatB, Figure 6-7). In parallel, we stabilized and destabilized
microtubules with Paclitaxel (TAX) and Nocodazole- (Noc), respectively We performed all
measurements at @>100 Hz in order to provide a sufficient window to detect different
viscoelastic responses between the two cell types. As shown in Figure 6-8, stabilized actin
filaments led to an increased G’ for both cell types vs. the respective controls, indicating that
the treated cells had become stiffer. In contrast, de-activated actin filaments led to a decreased
G’ and the treated cells had become softer. With regard to specific cell type, Jas- and LatB-
treatment had the strongest effect on G’ at different frequencies, @.=275 Hz for MCF-7 cells
and @.,=100 Hz for MCF-10A cells, indicating that actin filaments have different frequency
ranges in which they are actively engaged. The difference in actin-filament behavior between
MCE-7 and MCE-10A cells may be a result of their structural and functional differences, which
in turn, are correlated with malignancy and metastatic potential (142-144). In terms of cell
viscosity, both Jas- and LatB-treated MCEF-7 and MCEF-10A cells have extremely small values
of G” as compared to G’ (Figure 6-9). Interestingly, both Jas- and LatB-treatment enhanced the
viscous behavior of MCF-10A cells (noted as larger G” values in our data as compared to the
control untreated cells, Figure 6-9), but further study is necessary to understand the biological
basis of this phenomena.

Jas treated - | Untreated Ctrl - | LatB treated

Jas treated - | Untreated Ctrl - | LatB treated

Figure 6-7. Fluorescence images of A, MCF-7 and B, MCF-10A cells after Jasplakinlide (Jas) and
Latrunculin B (LatB) treatment. For comparison, fluorescence images of untreated cells (Ctrl) are
also included. 4’,6-diamidino-2-phenylindole (DAPI, blue) and rhodamine phalloidin (red) were
used to stain the cell nucleus and actin filaments, respectively. Scale bar = 10 um. From Ref (32).
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Figure 6-8. Storage modulus (G’) of C, treated MCF-7 and D, treated MCF-10A cells per the
different ranges of deformation frequency (@) (n=100 for all cases). Jas treatment stabilizes actin
filaments and LatB treatment de-activates them. Untreated cells were used as a control (Ctrl) case.
Statistical differences were determined by an unpaired t-test. Within each box, the central line is the
median, the red cross is an outlier, and the edges of the box correspond to 25% and 75% of the
population. *, **, *** and *** indicate p=0.05, p=0.01, p=0.001, and p=0.0001, respectively. From
Ref (32).
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Figure 6-9. Loss modulus (G”) of Jas- and LatB-treated A, MCF-7 cells and B, MCF-10A cells
compared to untreated (Ctrl) cells (n=100 for each case). Jas- and LatB-treatment induce
stabilization and de-activation of actin filaments, respectively. @ is the average applied deformation
frequency. Error bar indicate standard error. *, **, ***, **** correspond p<0.05, p<0.01, p<0.001,
Pp=<0.0001, respectively. From Ref (32).
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Figure 6-10 show microtubule structure of MCF-7 and MCF-10A cells after microtubule
stabilization and deactivation. While stabilization resulted in an increased G” for MCE-7 cells,
disruption of microtubule formation led to a reduced G’ for both cell types throughout all
applied frequencies (Figure 6-11). Both pharmacological microtubule treatments on MCF-7
cells showed the most significant effects at @.,=125 Hz (Figure 6-11A). Noc-treatment,
especially, revealed a bipolar effect on elasticity (G’) measurements. At @u.,=125 Hz, cells
softened, which was reflected in the significantly smaller G” values as compared to untreated
cells. At @.,=200 Hz, the difference in G’ is relatively smaller than other frequencies. At
@wg=275 Hz, G’ of cells significantly decreased again by Noc-treatment. For MCF-10A cells,
disrupting microtubules via Noc-treatments showed stronger effects on cellular elasticity as
compared to stabilizing them with TAX-treatment throughout the frequency range we tested
(Figure 6-11B). Significantly, at @.,=180 Hz, the overall values of G* for MCF-10A cells
decreased by TAX-treatment, in contrast to other frequency conditions. This suggests that the
dynamics of cytoskeletal filament formation induce different cellular mechanical behavior of
cells and depends on loading conditions, i.e. frequency (141, 145, 146). Similar to our results
on the viscosity of cells after Jas- and LatB-treatments, both TAX- and Noc-treated cells
showed a much smaller G” as compared to G’ (Figure 6-12), indicating that the cells
consistently have a solid-like behavior. Finally, while TAX-treated MCF-7 cells have an
increased G” in the high frequency range, TAX-treated MCF-10A cells have a decreased G”
with respect to increasing deformation frequency (Figure 6-12).

TAX treated == | Untreated Ctrl - | Noc treated

“TAX treated == | Untreated Citrl - | Noc treated

Figure 6-10. Fluorescence images of A, MCF-7 and B, MCF-10A cells after Paclitaxel (TAX) and
Nocodazole (Noc) treatment. For comparison, fluorescence images of untreated cells are show as the
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control case (Ctrl). DAPI (blue) and green fluorescence protein (GFP, green) stain cell nucleus and
tubulin, respectively. Scale bar = 10um. From Ref (32).
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Figure 6-11. Storage modulus (G’) of A, treated MCF-7 and B, treated MCF-10A cells with
respect to pharmacological treatments per the different range of deformation frequency (@)
(n=100 for all cases). While TAX treatment stabilizes microtubules, Noc treatment de-activates them.
Untreated cells were used as a control (Ctrl) case. Statistical differences were determined by an unpaired
t-test. Within each box, the central line is the median, the red cross is an outlier, and the edges of the
box correspond to 25% and 75% of the population. *, **, ***, and **** indicate p<0.05, p<0.01, p<0.001,
and p<0.0001, respectively. From Ref (32).
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Figure 6-12. Loss modulus (G”) of TAX- and Noc-treated A, MCF-7 cells and B, MCF-10A cells
compared to untreated (Ctrl) cells (n=100 for each case). TAX- and Noc-treatment stabilize and
disrupt microtubule formation, respectively. @, is the average applied deformation frequency. Error
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bar indicate standard error. *, **, ***,*** correspond p<0.05, p<0.01, p<0.001, p<0.0001, respectively.
From Ref (32).

6.3.3 Cellular Mechanical Transition Through Cell-Cycle Phase

Cells experience dramatic changes to their cytoskeleton and nucleus during their cell cycle
(147, 148), and correspondingly these changes should induce different cellular mechanical
behavior. We thus analyzed the viscoelastic properties of MCEF-7 cells that were synchronized
in their cell-cycle via a double thymidine block and release protocol and evaluated the effects
of actin-filament de-activation during each cell-cycle phase. Figure 6-13 show the
morphological changes that MCF-7 cells undergo as they progress through the different cell-
cycle phases, from G1- to S- to G2- to M-phase. As expected, the relative size of the nuclei
increases during S-phase and stained nuclei show the classic spike shape of mitosis in M-phase.
By immunostaining nuclear DNA, we validated cell synchronization and confirmed that DNA
content increased as the cells traversed their cell cycle (Figure 6-13B). We screened
synchronized MCEF-7 cells with visco-NPS at @ = 200 Hz. Our results show that G’ of MCEF-7
cells clearly increases as the they go from G1- to S- to G2-phase. As the cells progress from G2-
to M- back to G1-phase, there is a significant decrease in G’ (Figure 6-14A). Our results show
that the elasticity of MCE-7 cells is highly dependent on cell-cycle phase. Cells have the stiffest
mechanical response in G2-phase, suggesting that the nucleus and cytoskeletal filaments in this
phase are mechanically the most stable as compared to in all other phases.

A
.

Figure 6-13. Cell cycle synchronization. A, Representative fluorescence images of MCF-7 cells in
each cell-cycle phase. 4’,6-diamidino-2-phenylindole (DAPI, blue) and rhodamine phalloidin (red)
stain the cell nucleus and actin filaments, respectively. Scale bar = 5um. B, Normalized DAPI intensity
of MCE-7 cells with respect to cell cycle phases (G1 phase; n=482, S phase; n=592, G2 phase; n=437,
and M phase; n=512). The condensation of nucleus DNA into chromosome structures during M-phase
resulted in the strongest DAPI intensity. Error bars represent standard deviation. From Ref (32).
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To analyze the contribution of the nucleus to the viscoelastic properties measured, we de-
polymerized actin filaments in each cell-cycle phase via LatB treatment. In general, we
measured lower G’ values vs. untreated cells, indicating that the cells had softened. Similar to
our result on cellular elasticity, LatB-treated cells also showed the largest G’ value in G2 phase
(Figure 6-14A). We evaluated the statistical difference among all experimental conditions
based on correlation coefficient (rh0) and p values (Table 6-5). G1+LatB vs. G2+LatB, G2+LatB
vs. M, S+LatB vs. M+LatB, G2 vs. M+LatB, and G2+LatB vs. M+LatB showed significant
statistical difference. From this, we conclude that the cell nucleus in G1-, G2-, and M-phase
has a strong effect on cellular elasticity. To quantify the statistical effect of the two variables, i.e.
cell-cycle phase and LatB treatment, we performed a two-way ANOVA test and showed that
both cell-cycle phase (p=6.781e-8) and LatB treatment (p=6.806e-37) had a statistically
significant effect on the G" of MCEF-7 cells. In addition, the interaction of these two variables
also had a significant effect on the G’ of MCF-7 cells (p=6.781e-8). Cellular viscosity (G”)
showed a trend similar to elasticity (G’) regarding cell-cycle phase and LatB treatment. MCF-7
cells in G2-phase exhibited the largest G” value in both untreated and LatB treated groups
(Figure 6-14B). As well, the perturbation of actin filament by LatB treatment resulted in a
decrease in G” compared to untreated cells during each cell-cycle phase.
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Figure 6-14. Viscoelastic properties of untreated and LatB treated cells at each cell cycle phase.
A, Storage modulus (G’) of untreated and LatB-treated (purple) MCE-7 cells throughout the different
cell-cycle phases, as measured with a 200 Hz deformation frequency (n=100 for all cases). The
individual and combined statistical effects of LatB treatment and cell-cycle phases were determined by
a two-way ANOVA test. Both LatB treatment (p=6.806e-37) and cell-cycle phases (p=1.132¢-32) have
significant statistical effects on change of G". The interaction of those two factors also shows a significant
statistical effect on G’ as having low p-value (p=6.781e-8). Within each box, the central line is the
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median, the red cross is an outlier, and the edges of the box correspond to 25% and 75% of the
population. B, Loss modulus (G”) of untreated and LatB-treated (inset) MCEF-7 cells throughout the
different cell cycle phases with @.,,=200 Hz (n=100 for all cases). Error bars represent standard error.
For all graphs, * and ** indicate p<0.05 and p<0.01, respectively. From Ref (32).

Table 6-5. Correlation coefficient (rho) and p-value between storage modulus (G’) of each
experimental case. Larger pvalue indicates more highly correlated relationship between the cases. G1,
S, G2, M, and LatB denote Gapl, Synthesis, Gap2, Mitosis phase, and Latrunculin B treatment,
respectively. * and ** indicate p<0.05 and p<0.01, respectively. From Ref (32).

vs. Gl Gl+LatB S S+LatB G2 G2+LatB M M-+LatB
Gl NA rho=-0.050 rho=-0.122 rho=0.010 rho=-0.071 rho=0.181 rho=0.098 rho=-0.059
o =0.631 =0.242 =0.925 =0.502 =0.083 =0.349 =0.576
p p p p p p p
Gl+LatB NA rho=0.053 rho=0.170 rho=0.149 rho=0.259 rho=-0.079 rho=0.193
o =0.611 =0.104 =0.155 *p=0.012 =0.455 =0.063
p p p p p p
N NA rho=-0.032 rho=0.036 rho=-0.064 rho=0.201 rho=-0.102
- p=0.764 p=0.731 p=0.542 p=0.053 p=0.332
S+latB NA. rho=0.016 rho=0.197 rho=0.054 rho=0.228
p=0.875 p=0.058 p=0.607 “p=0.028
G2 NA. rho=0.062 rho=0.023 rho=0.304
p=0.557 p=0.828 p=0.003
rho=0.221 rho=0.286
G2+LatB N.A. *p=0.033 p=0.006
rho=0.030
M NA. p=0.772
M+LatB N.A.

6.4 Discussion

Visco-NPS enables the analysis of populations of single cells for their viscoelastic properties.
By combining a sinusoidal contraction channel with NPS (15) (or mechano-NPS (31)), we can
quantify the mechanical response of cells as they periodically deform. Based on just two
mechanical properties, storage (elasticity) and loss (viscosity) modulus, malignant and non-
malignant breast epithelial cells show distinctly different viscoelastic behavior and frequency-
dependent responses to dynamic loading conditions. Overall, both types of cells exhibit a lower
viscosity as compared to elasticity for all measured frequencies (10~300 Hz). In contrast, most
AFM measurements show that cell viscosity values increase beyond those of elasticity at a
threshold frequency (80, 128, 149). The difference between our measurements and those of
AFM may be due to the fact that while the AFM measures cellular sub-regions, visco-NPS
measures the whole-cell. Moreover, AFM measurements are performed on cells that have been
adhered to substrates, whereas visco-NPS measurements are performed on detached cells,
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which eliminates the influence of external factors, e.g. substrate stiffness, that can influence cell
behavior. As we have shown, visco-NPS can determine the individual contributions of
cytoskeletal components, such as actin filaments and microtubules, to cellular viscoelastic
properties. Furthermore, through pharmacological treatments, in which we stabilized or de-
activated cytoskeletal filaments or microtubules, visco-NPS can quantitatively measure the
subsequent effects on the elasticity and viscosity of the treated cells. Treated malignant and
non-malignant cells show distinct frequency-dependent elastic responses within a range of
100~275 Hz. Finally, visco-NPS has sufficient sensitivity to measure the change in mechanical
properties of cells as they traverse their cell-cycle. In general, visco-NPS provides a
comprehensive understanding of the dynamic mechanical behavior of cells at the single-cell
level.

Attractive features of visco-NPS include that it is label-free, does not require a high-speed
camera or advanced fluidics, and has high-throughput capability. Its simplicity allows it be
combined potentially with other cell analyses, including cell-surface marker screening (16) and
single-cell whole-transcriptome analysis (150-152). This, in particular, would provide
opportunities to correlate mechanical properties with biochemical properties. The design
flexibility of visco-NPS allows us to utilize a variety of experimental conditions, models, and
mechanical tests for further studies. By varying the width and period of our sinusoidal
contraction channel, one can apply different levels of strain to, and can access different
frequency regimes in which to measure, cells. Contraction channels with different periodic
lengths placed in series would allow one to measure a single cell at multiple deformation
frequencies. In so doing, one can determine the frequency-dependence of the cell’s viscoelastic
properties, which ultimately would provide a more in-depth understanding of cellular
mechanical properties at the single-cell level.

While we have focused on the power-law structural damping model, other mechanical models
(36) are applicable to this platform. For example, cortical shell-liquid core (153), linear
viscoelastic solid (154, 155), and biphasic models (156, 157) could all be applied to different
cell types and their corresponding biophysical function. By modifying the microfluidic channel
design, one can perform different types of mechanical tests. For example, one could perform a
mechanical creep test by applying a constant compressive stress to the deformed cells through
pneumatic side channels positioned parallel to the sides of the sinusoidal contraction channel.
Such a test could provide an understanding of the biophysical relationship between mechanical
properties and cell recovery characteristics (158). Even in its present form, visco-NPS, can
successfully measure the viscoelastic properties of cells under various biological conditions, as
we have demonstrated here.

Cellular mechanics is an emerging area of research, especially, within the context of cancer
(115, 159, 160). Quantifying the viscoelastic properties of cell populations, visco-NPS
introduces new possibilities in basic biology and clinical applications, such as cancer diagnosis,
cytoskeleton-targeted drug screening, and studies for cell cycle as a therapeutic target of cancer.
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By combining the clear relationship between malignancy and viscoelastic properties of cells
with numerous features of our platform (e.g. label-free analysis and high throughput
capability), visco-NPS can be used as a cancer screening and diagnostic tool, especially for
those cancer cells, e.g. triple-negative breast cancer, that are otherwise difficult to identify with
traditional methods (161-163). As it can quantify the contribution of cytoskeletal filaments to
whole-cell mechanical properties, visco-NPS could be employed as a screening method for the
cytoskeleton-targeted drugs that are often used in cancer therapies (164-166). Recently, a
number of studies have been shown that cell-cycle pathways such as, regulation of CDK
(cyclin-dependent kinases), ATM (ataxiatelangiectasia mutated), and ATR (AMT- and Rad3-
related) lead to aberrant cell proliferation and are critical to carcinogenesis (167-170). By
analyzing the cellular mechanical transitions during the cell cycle and quantifying the
mechanical properties of actin filaments as they are perturbed during each phase, visco-NPS
may yield a new approach to the development of cancer therapies that target these, and other,
cell-cycle pathways.

In summary, visco-NPS introduces a novel microfluidic approach to analyze cellular

viscoelastic properties, and consequently, provides a tremendous potential for both
biophysical studies of cellular behavior and clinical applications.
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7 CONCLUSION AND FUTURE RESEARCH

Chapter Overview

This chapter summarizes the results of the dissertation research and provides an overall
conclusion and recommendations for future research. Major findings on single-cell mechanics
via mechano-NPS and visco-NPS are reviewed. Based on the summarized results, this chapter
proposes a number of directions for future research regarding cellular mechanics.

7.1 Summary and Findings

In this dissertation, I have described microfluidic approaches for single-cell mechanics. The
electronic-based mechanical phenotyping platform, mechano-NPS, enables one to
discriminate cell lineage, chronological age, and stage of malignant progression in hMECSs.
Employing a rheological approach, I also developed a new microfluidic platform, visco-NPS,
to measure the viscoelastic properties of cells. Visco-NPS successfully quantifies elasticity and
viscosity of cells and evaluates the effects of malignancy, cytoskeletal structure, and cellular
transitions that occur throughout the cell cycle on whole-cell mechanical properties.

In Chapters 4 and 5, I demonstrated mechano-NPS, a multi-parametric single-cell analysis
method and its applications on biological and pre-clinical studies. Integrating the contraction
channel with NPS, I was able to quantify multiple biophysical properties of cells
simultaneously. To minimize cell-size effects on other biophysical properties, I normalized the
measured properties and defined a new dimensionless parameter, the whole-cell deformability
index (wCDI). The wCDI provides a quantitative mechanical metric of the resistance to
compressive deformation. Based on the wCDI and transverse deformation of cells, mechano-
NPS shows malignant MCF-7 and A549 cell lines have mechanically distinct characteristics
compared to non-malignant MCF-10A and BEAS-2B cell lines. Using these parameters, I also
evaluated the contribution of actin filaments to whole-cell mechanical phenotypes. Screening
cells through mechano-NPS provides a new information regarding cellular recovery after
compressive deformation. In Chapter 5, I demonstrated that mechano-NPS can discriminate
between sub-lineages of normal primary hMECs; these sub-lineages have distinct roles in
carcinogenesis in mammary tissue. My results show that mechano-NPS identifies lineage,
chronological age, and stage of malignant progression in hMECs—all solely based on cellular
mechanical phenotypes.

In Chapter 6, I introduced a new microfluidic rheology platform, visco-NPS, which quantifies
viscoelastic properties of cells under periodic deformation. In visco-NPS, the contraction
channel has a periodically changing width which correspondingly induces periodic
deformation in a cell traversing it. As such, the elasticity and viscosity of cells through the
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storage (G") and loss (G”) modulus can be measured. Visco-NPS also can evaluate the
frequency-dependence of cellular viscoelastic properties by applying a wide range of
deformation frequencies to a cell population. Rheological measurements through visco-NPS
show that the malignant breast epithelial cell line, MCF-7, has distinctly different viscoelastic
properties as compared to the non-malignant breast epithelial cell line, MCF-10A. The
sensitivity of visco-NPS allowed us to evaluate the individual contributions of different
cytoskeletal filaments (actin filaments and microtubules) to whole-cell mechanical properties.
The measurements of G* and G” also show that visco-NPS can measure the mechanical
transitions that cells undergo as they transverse the different phases of the cell cycle.

7.2 Future Research

This dissertation has presented two robust, flexible, and powerful mechanical phenotyping
platforms for cellular mechanics at the single-cell level. Based on these platforms, future work
could be performed to increase their value. First, higher throughput could be achieved by
employing advanced signal processing. For both mechano- and visco-NPS platforms, current
pulses generated by coincidence events, in which multiple cells occupy the channel
simultaneously, are presently removed due to their complexity in signal identification. More
robust signal-processing algorithms, such as match filtering, Barker codes, and Gold
sequences, could be used to overcome this challenge (93, 171-173). Second, multiplexing
strategies, e.g. parallelizing multiple mechano- and visco-NPS, could easily increase
throughput of the two platforms to ~1000 cells/min.

The simplicity and flexibility of mechano- and visco-NPS allow one to customize these
platforms for other types of biomechanical studies. By employing microfluidic cell separation
techniques such as Deterministic Lateral Displacement (DLD) and inertial focusing, we can
pre-screen cells based on their size (174-177). This pre-screening would overcome the intrinsic
measurement errors generated from the size variance within a cell population, since identical
mechanical deformation or forces could be applied to the cells. In addition, it can be used to
minimize sample preparation steps and to screen specific cell types within heterogenous cell
populations, such as that found in whole blood. We also can integrate other downstream
analysis to study the correlation between cellular mechanical characteristics and other
biological functions. For example, the integration of cell-surface marker profiling (16) and
single-cell genome sequencing (150, 152) would provide new information about how cellular
mechanical phenotypes are correspond to specific surface marker and gene expression of cells,
respectively. Although this dissertation focuses on mechanical phenotyping at the single cell
level, mechano- and visco-NPS can easily be customized for analyzing biological tissues and
cell-to-cell interaction. As an example, by expanding the overall dimension of the contraction
channel, one can use mechano-NPS enable to measure the mechanical phenotypes of whole
cell spheroids. Combined with single-cell mechanical phenotyping, this approach could allow
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one to analyze the mechanical characteristics of individual cells, cell-to-cell interactions, and
tissue-level structure.

Cellular mechanics is a nascent and emerging area of cancer research. Characterizing
mechanical phenotypes through mechano- and visco-NPS opens up new possibilities in basic
biology and clinical applications. As they can quantify the roles of cytoskeletal components in
whole-cell mechanical properties, these two platforms can be potentially used for development
of cytoskeleton-targeted cancer treatment. The ability of these platforms for rapid
characterization lend themselves to various applications for cancer screening and diagnostics.
For example, identifying subpopulations in the mammary epithelium and analyzing its
relationship with age of women through mechano-NPS may yield valuable information
regarding breast-cancer risk. Combined with the fact that cell-cycle pathways have critical roles
in cancer proliferation and carcinogenesis, analyzing mechanical transitions via visco-NPS
may yield a new approach to the development of cancer therapies targeting cell-cycle pathways.
Furthermore, the rapid analysis of mechano- and visco-NPS can be used to develop patient
specific cancer treatment by analyzing the drug response of patient-derived cells and
organoids.

Mechanical characterization of cells also provides clinical metric to detect cellular transitions
such as epithelial-mesenchymal transition (EMT) (122, 178) and tissue growth potential (179,
180). In regard to EMT, mechanical phenotyping can lead to new information regarding this
process. To show this, we induced EMT in normal breast epithelial (MCF10A) cells by the
overexpression of the E-cadherin transcriptional repressor, SLUG (32). Figure 7-1 shows that
mechano-NPS can detect the differences in mechanical phenotypes of MCF10A cells and
EMT-induced (+SLUG) cells. Overall, EMT-induced cells are more deformable and take
longer time to restore their original size after release from compressive deformation. These
findings suggest that cells experience significant changes in their cytoskeletal or nuclear
structure through EMT. Based on the strong correlation between EMT and tumor metastasis
(181, 182), mechanical phenotyping could provide a new way to understand the underlying
mechanism of cancer-related cellular transitions.
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Figure 7-1. Mechanical phenotypes of normal breast epithelial cells and EMT-induced cells. A,
Transverse deformation of normal MCF10A (blue) and SLUG+ MCF10A (red) cells (n=100 per
each case). An E-cadherin transcriptional repressor, SLUG, was overexpressed in MCF10A cells to
induce EMT. Error bars represent standard deviation. B, wCDI of MCF10A and overexpressed
SLUG MCF10A cells. Overall, overexpressed SLUG+ MCF10A cells show greater wCDI values,
indicating that EMT leads to softer mechanical phenotypes. C, Distribution of instant (AT:~0,),
transient (0<AT:<50 ms), or prolonged (AT:>50 ms) recovery within MCF10A and overexpressed
SLUG MCF10A cell populations.

Characterizing mechanical phenotypes at the single-cell level also can be used to evaluate
tissue-regeneration potential of cells. We employed mechano-NPS to measure mechanical
phenotypes of Nucleus Pulposus (NP) cells, obtained from Prof. Grace O’Connell, with respect
to culture conditions (primed vs unprimed) and passages. As shown in Figure 7-2, depending
on passage number and culture conditions, the mechanical phenotypes of NP cells can change.
These preliminary results suggest that culture conditions and passage can have significant
effects on cell mechanical properties, which in turn could affect the tissue-growth potential
(180). Thus, single-cell mechanical phenotyping could provide a new method to pre-screen
cells for tissue regeneration.
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Figure 7-2. Mechanical phenotypes of Nucleus Pulposus cells with respect to culture conditions
and passages. A, Deformation of primed and unprimed NP cells from primary to passage 4 (n=100
per each case) compared to their original size. Statistical differences were determined by an unpaired
t-test. Within each box, the central line is the median, the red cross is an outlier, and the edges of the
box correspond to 25% and 75% of the population. **** indicates p<0.0001. B, Normalized transit
velocity of primed and unprimed NP cells passing through an 8um-wide contraction channel (via a
21 kPa non-pulsatile pressure applied to the device inlet). The transit velocity within the contraction
channel is normalized by the cell velocity in the pore region, prior to the contraction channel. Statistical
differences were determined by an unpaired t-test. Within each box, the central line is the median, the
red cross is an outlier, and the edges of the box correspond to 25% and 75% of the population. ****
indicates p<0.0001.

Throughout this dissertation, I have demonstrated that mechano- and visco-NPS are powerful
platforms that can identify the effects of cellular lineage, malignant progression, chronological
age, cytoskeletal structure, and cellular transitions that occur throughout the cell-cycle.
Moreover, I have shown that cellular mechanical phenotyping at the single-cell level, overall,
has tremendous potential for biomedical and biological research and for clinical applications.
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Appendix A

Customized MATLAB code to analyze signals generated from mechano-NPS

%% Set variables

Nstart =403;
FiletoRead=5;
thresholds=[le-4 .8e-3];

file num = [Nstart,FiletoRead]; % file numbers, 1 is the first #, 2 is
the number of files to read after

error=0.08;

dt=50;

Ndown=20; $down sampling period
Fs=50; %sampling frequency [kHz]

$% Reading data files

mydata = cell(1l,1+file num(2));

k = file num(l); % initialize reads

i=1;

while (k < file num(l) + file num(2))
file name = sprintf('triall %05d.txt',k);
file id = fopen(file name);
file data = textscan(file id, '%f');
mydata{i} file data{:};
k =k + 1;
i=1i+1;
fclose(file id);

end

y=cat(l,mydata{:}); % concatenate data
y_smoothed=fastsmooth(y',100,1,1); % perform smoothing
y_detrend=detrend(y_smoothed); % remove trend
ym=downsample(y_detrend,Ndown); % downsample by period N

clear myfilename mydata i k,

%% Threshold signal by differences

oo

take the difference of ym, threshold by thl
thresholds = [1.5e-4, 1.0e-3]; % thresholds for differences, user
provided

o°

o°

ym diff = diff(ym); % compute difference
ym diff(abs(ym diff) < thresholds(1l)) = 0; % threshold values below
thresholds (1)

for i=l:size(ym,2)-1
if ym diff(i)<-thresholds(2)
k=i+1;
for j=k:size(ym,2)-1
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if abs(ym diff(j))<thresholds(2)
ym diff(j)=0;

elseif ym diff(j)>thresholds(2)
break;

end

end
end
end

$% identify nonzero differences, A is the matrix of nonzero differences

backset = 20;
A = ones(3,length(nonzeros(ym diff))); % preallocation
k=0;
for i=l:length(ym diff)
if abs(ym diff(i))>0
k=k+1;
A(l,k)=i*Ndown; % array index of nonzero
A(2,k)=ym diff(i); % nonzero value
A(3,k)=(i-backset)*Ndown; % backward offset for baseline
current
end
end

clear tmp,
%% Remove error from A

k=1;
while (k < ceil(log(length(A))))
i=1;
while (i < length(A))
% Case 1l: current and next both positive && next > current
if A(2,i) > 0 && A(2,i+l) > 0 && ...
A(2,1) < A(2,1i+1)
% move next into current
A(:,1)=A(:,1i+1);

% Case 2: current and next both positive && current > next
elseif A(2,i) > 0 && A(2,i+l) > 0 && ...
A(2,1) > A(2,1i+1)
$ move current into next
A(:,i+1)=A(:,1);

% Case 3: current and next both negative && current > next
elseif A(2,i) < 0 && A(2,i+l) < 0 && ...
A(2,1) > A(2,1i+1)
% move next into current
A(:,1)=A(:,1i+1);

% Case 4: current and next both negative && next > current
elseif A(2,i) < 0 && A(2,i+l) < 0 && ...
A(2,1) < A(2,1i+1)
% move current into next
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A(:,i+1)=A(:,1);
end

i=i+1;
end
k=k+1;
end

$% Remove repeats in A

stop = length(A);
i=1;

while (i < stop)

if (A(:,i) == A(:,i+1))
A(:,1) = [1;
stop = stop - 1;
else
i=1i+1;
end
end

%% Rectangularize pulses
ym _rect = ym;

k=1;
whlle (k <= 50)
i=1;
while (i < length(A))
if A(2,i) < 0 && A(2,i+1l) > 0 % look for sign change in
differences
ym rect(A(1l,i)/Ndown:A(1l,i+l)/Ndown) =
mean(ym(A(1l,i)/Ndown:A(1, 1+l)/Ndown)),
% replace all values in between with mean
end
i=i+1;
end
k=k+1;
end

$% Figures
figure('units', 'pixels', 'pos',[0 0 1300 1000])
subplot(2,2,1)
plot(ym diff, 'b-");
title('Differenciation of I')
set(gca, 'FontSize',20)
subplot(2,2,2)
plot(y_ smoothed, 'k-");
title('y {detrend}")
set(gca, 'FontSize',20)
subplot(2,2,3:4)
plot(ym rect);
title('ym')
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set(gca, 'FontSize',20)
grid on

oo

% Detect NPS pulses, build pulse matrix P
i=1;
k = 0;
while (i < length(A))
if A(2,i) < 0 && A(2,i+1l]) > 0 && A(3,1i) > 0 % check non-repeats
k=k+1;
P(k,1) = A(l,i); % Start index

P(k,2) = y detrend(A(3,1i)); % normalized baseline current
P(k,3) = mean(y_detrend(A(1l,i)+1:A(1l,i+1)-1)); % avg
current between pulses
P(k,4) = A(l,i+1)-A(1l,i); % change in index
P(k,5) = y_smoothed(A(3,i)); % baseline current, no detrend
P(k,6) = A(l,i+1l); % End index
$P(k,7) = y _detrend(A(1l,i+l)+dt);
end
i=i+1;
end
N=1;

for k=l:length(P)-6
start index = P(k,1); % starting index of pulse
fileN = floor(start index/20000)+file num(l); % compute which
file # the pulse is in

Q

I = P(k,5); % compute baseline current

dI = mean(abs([P(k,2) - P(k,3), P(k,2) - P(k+1,3)]1)); % average
NP current drop

drl = P(k,2) - P(k+3,3); % squeeze current drop

dT = (P(k+1,6) - P(k,1))/2/Fs; % NP transit time in ms

dTl = (P(k+4,1)-P(k+3,1))/Fs; % squeeze transit time in ms

Q

% post-squeeze NP current drops
dI4 = abs(P(k,2) - P(k+4,3));
dIs abs(P(k,2) - P(k+5,3));
dIé abs(P(k,2) - P(k+6,3));

Q

% recovery time determined when post-squeeze NP current drop
reaches

% pre-squeeze NP current drop
if abs(dI6é-dI)/dI < error % last pulse is recovered

Tr = (P(k+5,1) - P(k+3,1))/Fs; % recovery time in ms

elseif abs(dI5-dI)/dI < error % 2nd to last pulse is recovered
Tr = (P(k+4,1) - P(k+3,1))/Fs; % recovery time in ms

elseif dI4 < dI*(l-error) && dI5 < dI*(l-error) && dI6 < dI*(1l-
error) % never recovers
Tr = inf;

else

Tr = 0;
end
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if dI>0 && dI1>0
Out (N, :)=[start index/Ndown fileN I dI dIl dT dT1l Tr];

N=N+1;
end

end
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Appendix B

Customized MATLAB code to analyze signals generated from visco-NPS

%% set variables

Nstart =1330;
FiletoRead=10;

file num = [Nstart,FiletoRead]; % file numbers, 1 is the first #, 2 is
the number of files to read after
Fs=50; %sampling frequency [kHz]

Ndown=10; $down sampling period
buffer = 3000; %buffer to measure baseline current at the both end of
signal

MaxSignalSize=7000; %Maximum length of signal to set matrix
MaxSignalSize2=5000; %Maximum length of dSignal to set matrix
ThrX=1.5e-4; %derivative threshold value for node-pore

%% read data files

mydata = cell(1l,1+file num(2));

k = file num(l); % initialize reads

i=1;

while (k < file num(l) + file num(2))
file name = sprintf('triall %05d.txt',k);
file id = fopen(file name);
file data = textscan(file id, '%f');
mydata{i} = file data{:};
k =k + 1;
i=1i+1;
fclose(file id);

end

y=cat(l,mydata{:}); % concatenate data
y_smoothed=fastsmooth(y',100,1,1); % perform smoothing
y_detrend=detrend(y_smoothed); % remove trend

clear myfilename mydata i k,

$% find outliers && group by clumps
out = isoutlier(y_detrend);

out_ind = 1;

group = zeros(2,length(out));

group_ind = 1;

while out ind < length(out)
if out(out_ind) ==

group(l,group _ind) = out _ind; % first number in the group
group(2,group_ind) = 1; %counter for consecutive ls
out_ind = out_ind + 1;

while out ind < length(out) && out(out ind) == $checks if

the following data is 0
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group(2,group_ind) = group(2,group_ind) + 1; %adds to
the count
out_ind = out_ind + 1;
end
end
out_ind = out_ind + 1;
group_ind = group ind + 1;
end
group(:, all(group==0))=[]; % removes 0, 0 data

clear out out len out ind,

$% combines signals if the gap btwn the signals is small
gap = 1000;
group_ind = 1;
while group_ind < length(group)
last_index = group(l,group ind) + group(2,group ind); %last point
of group

if group(l, group_ind + 1) - last index < gap % checks if the gap
btwn groups is small. If so, we combine the groups
group(2, group ind) = group(l, group ind + 1) + group(2,
group_ind + 1) - group(l, group ind); %last index of 2nd group - first
index of 1lst = length
group(:,group_ind + 1) = [];
else
group_ind = group ind + 1;
end
end
$% creates "signals" matrix
% takes each group and puts it in matrix "signals" with each column
being a
% cell signal data

signal max = max(group(2,:));

signal detrend = zeros(MaxSignalSize,length(group)); % creates a matrix
with size (group x (number of data points + buffer))

signal smooth = zeros(MaxSignalSize,length(group));

for xx=l:length(group)
if group(2,xx)<MaxSignalSize

for i = l:length(group)
start signal = group(l,i) - 1500;

if start_signal < 1
buffer = buffer - start signal;
start_signal = 1;
end
end_signal = start signal + group(2,i) + buffer;

if (end signal-start signal)< MaxSignalSize
datal = y smoothed(start signal:end signal);
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data2 = y detrend(start signal:end signal);
end

signal smooth(l:length(datal),i) = datal;
signal detrend(l:length(data2),i) = data2;
signal down=downsample(signal detrend,Ndown);
signal length(1l,i)=size(signal down(:,i),1);
buffer = 3000;

end
end
end
clear start signal end signal buffer gap last index group ind datal
data2 signal max xx,

$% derivative of signal

for i=l:length(group)
signal temp=signal down(l:signal length(1l,i),i);
signal diff(l:signal length(l,i)-1,i)=diff(signal temp);
clear signal temp

end

clear y y detrend y smoothed ym

$% find threshold and clean up random noise

for jj=l:length(group)
Thr1=ThrX; %derivative threshold value for node-pore
pks=[0 0 0 07];
locs=[0 0 0 0];

[pks,locs]=findpeaks(signal detrend(:,jj), 'MinPeakProminence', le-
3); %find peaks

TF=isoutlier(pks); %find outlier within peaks

for k=l:length(pks) $keep pks only for the contraction channel
if TF(k)==
pks(k)=NaN;
locs (k)=NaN;

end
end
pks(find(isnan(pks)))=[1;
locs(find(isnan(locs)))=[1];
Thr2=mean(pks)*0.9; $2nd thresholds for the contraction channel

Thr(:,jj)=[Thrl; Thr2];

if Thrl~=0
for k=1l:length(signal diff(:,3jj))
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if abs(signal diff(k,Jjj))< Thrl
signal diff(k,jj)=0;
end
end
end

if Thr2~=0
for i=l:length(signal down(:,3jj))
if signal down(i,jj)<Thr2
k=i+1;
for j=k:length(signal down(:,3jj))
if signal down(j,jj)<Thr2
signal diff(3j,jj)=0;
elseif signal down(j,jj)>Thr2
break;
end
end
end
end
end

hFig=figure(jj);
set (hFig, 'Position', [0 300 1200 400])

subplot(1,2,1)

x_temp=1l:1:length(signal detrend(:,3jj));

pl=plot(signal detrend(:,jj)):;

hold on

p2=plot(locs,pks, 'ob');
p3=plot(x_temp,Thr2*ones(1l,length(signal detrend(:,Jjj))), 'r-');
hold off

legend(p3,sprintf('%0.2e"',Thr2))

set(gca, 'FontSize',15)

subplot(1,2,2)

x_temp2=l:1l:length(signal diff(:,3jj));

plot(signal diff(:,3j))

hold on
p4=plot(x_temp2,Thrl*ones(l,length(signal diff(:,jj))), 'r-");
p5=plot(x_temp2,-Thrl*ones(1l,length(signal diff(:,3jj))), 'r-");
legend(p4,sprintf('%0.2e',Thrl))

set(gca, 'FontSize',15)

fprintf([ 'ENTER will return thresholds,\n'
'S will reture 0\n'
'Or, just enter new threshold for node-pore \n'

1);

OK = input('---\n','s');
switch OK
case []
Thr(:,jj)=[Thrl; Thr2];
case{'s','S"'}
Thr(:,3jj)=[0; 0];
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otherwise

Thrl=str2double(OK);

fprintf ([ 'Now enter new threshold for the contraction
channel \n']);

Thr2=input('---\n');

Thr(:,jj)=[Thrl; Thr2];

close all
hFig=figure(jj);
set (hFig, 'Position', [0 300 1200 400])

subplot(1,2,1)

x_temp=1l:1:length(signal detrend(:,3jj));
pl=plot(signal detrend(:,jj)):;

hold on

p2=plot(locs,pks, 'ob');

p3=plot(x_temp,Thr2*ones(1l,length(signal detrend(:,Jjj))), 'r-');
hold off
legend(p3,sprintf('%0.2e"',Thr2))
set(gca, 'FontSize',15)

subplot(1,2,2)
x_temp2=l:1l:length(signal diff(:,3jj));
plot(signal diff(:,3j))

hold on

p4=plot(x_temp2,Thrl*ones(l,length(signal diff(:,jj))), 'r-");
p5=plot(x_temp2, -

Thrl*ones(1l,length(signal diff(:,3jj))), 'r-");
legend(p4,sprintf('%0.2e"',Thrl))
set(gca, 'FontSize',15)

fprintf ([ 'Press ENTER \n']);
a=input('---\n');
end
close all
end

clear i j jj k locs locsl pks pksl TF a pl p2 p3 p4 p5 OK hFig Thrl
Thr2 x_temp x_temp2

preData=zeros(9,length(group));

global ii;

for ii=l:length(group)

[dSignal(:,ii), preData(:,ii)] = stepX (signal smooth(:,ii),
signal detrend(:,ii), signal diff(:,ii), Ndown, file num, Fs,
MaxSignalSize2);

end

%% export signal and measured data
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global fj fi

if isempty(£f3j)
£3=1;
end

savename=sprintf('SignalOut trial%03d.mat',£fj);
fi=£fj+1;

if isempty(fi)
fi=1;
end

for i=l:length(group)
if preData(l,i)~=0
SignalOut(:,fi)=signal smooth(:,1i);
MeasureOut(:,fi)=preData(:,1);
dSignalOut(:,fi)=dSignal(:,1i);
ThrOut(:,£fi)=Thr(:,1i);
save(savename, 'SignalOut', 'MeasureOut', 'dSignalOut’', 'ThrOut')
fi=fi+1;
end
end

clear dSignal file data file id file name file num FiletoRead group i
ii j MaxSignalSize Ndown Nstart preData signal detrend signal diff
signal down signal length signal measure signal smooth Thr ThrX

close all
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Appendix C

Example of MATLAB code to measure viscoelastic properties of cells

$% Read out pulse
load( 'SignalOut trial048.mat')
for i=1l:length(MeasureOut)

I=MeasureOut(4,1i);
dI=MeasureOut(5,1);
U0=700/MeasureOut(6,1);
dT=MeasureOut(7,1);
dIDynamic=dSignalOut(:,1i);
dIDynamic (dIDynamic==0)=[];

d=(dI*L*(D"2)/(I+dI*L*0.8/D))"(1/3); %cell diameter
w=10*pi*1000/dT;

t=0:1:1length(dIDynamic)-1;
t=t./(1000*f);

width=transpose((w_max+w min)/2+(w_max-w min)/2.*cos(w*t));
$channel width

e=(d-width)./d; $strain

D2=D.*(width./w np)."0.5; %effective D of cont. channel[um]

dD=(dIDynamic.*L.*(D2."2)./(I+dIDynamic.*L.*0.8./D2))."(1/3);

dD=pi.*(dD."2)./(4*width); %deformed diameter

StressMu=2.*(dP.*((w_max+w min)/2).*le-6).*(dD.*le-6)./(pi.*(d*le-
6)"2); %$stress x mu

xdata=transpose(t);

x0=[100, 1000, O, 0.3];

1lb=[0, 0, 0, 0];

ub=[inf, inf, inf, inf];

fun =@(x,xdata) ((x(1)*(1l-((w_max+w min)/(d*2)))-x(2)*((w_max-
w_min)/(2*d))*cos(w*xdata)-((w_max-
w min)/2/d)*x(3)*sin(w*xdata)).*x(4));

ydata=StressMu;

x=1sqcurvefit(fun,x0,xdata,ydata,lb,ub);

RheologyOut M7 L500 3p(:,i)=[MeasureOut(l,i); MeasureOut(2,i); d;
5000/dT; x(1); x(2); x(3); x(4); U0];
end

RheologyOut M7 L500_ 3p=transpose(RheologyOut M7 L500_3p);
save RheologyOut M7_L500_3p.mat
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