Mechanical phenotyping of single
cells using shear and inertial
microfluidics

Fern Jordan Armistead
University of Leeds

Department of Physics and Astronomy
September 2019

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy



Intellectual Property and Publication Statements

The candidate confirms that the work submitted is their own, except where work which has
formed part of jointly authored publications has been included. The contribution of the
candidate anthe other authors to this work has been explicitly indicated below. The candidate
confirms that appropriate credit has been given within the thesis where reference has been

made to the work of others.
The work in Chapters 4 and 5 of the thesisdmseared in publication as follows:

Armistead, F. J., Gala De Pablo, J., Gadélha, H., Peyman, S. A., & Evans, S. D. (2019). Cells
Under Stress: An Inerticthear Microfluidic Determination of Cell Behavior. Biophysical
Journal, 116(6), 1127135. doi:10.106/j.bpj.2019.01.0341]

1 F.J.A. performed research and collected gllezimental data, analysed the datasets
and wrote the manuscript.

1 J.G.D.P. hgled with cell culture maintenaneead provided code for data processing.
H.G. also provided analytical tools for image analysis of deformation events. S.A.P.

and S.D.E. helped tesign the experimental plan and with manuscript review.
The work in Chapteé of the thesis will appear in publication as follows

Armistead, F. J., Gala De Pablo, J., Gadélha, H., Peyman, S. Bva8s, S. D. (2019).
Physical biomarkers of disease progression:-clip monitoring of changes in

mechanobiology of colorectal cancer cellsider review, submitted 2/8/2019].

1 F.J.A. performed research including all deformation cytoyretperiments, analysed
the majority of data and wrote the manuscript.

1 J.G. provided code for data processing and performed LDA analysis. H.G. also
provided analytical tools. S.A.P. and S.D.E. helped with development of the
experimental plan and providednstructive discussion.

Other publications cauthored during the course of this studentship include:
The results in this publication are discussed and compared to results within the thesis in the

Conclusionssection ¢hapter .

Julia Gala de Pablo, Fed. Armistead, Sally A. Peyman, David Bonthron, Michael Lones,
Stephen Smith, and Stephen D. Evans. Biochemical Fingerprint of Colorectal Cancer Cell
Lines Using LabeFree Live SingleCell Raman Spectroscopy. Journal of Raman
Spectroscopy 49(8):1328, aug 2018. ISSN 03770486. doi:10.1002/jrs.532p.

1 F.J.A. helped with cell culture maintenance.



Microfluidic deformation experiments performed for QD uptake reported in chapter 7 were
led by Abiral Tamang, with microfluidic desigtiabrication and deformation cytometry
expertise provided by Fern Armistead. This work is currently in preparation to be published

in a joint author publication.

Experiments reported in chapter 5 were performed using cells and materials provided by
Elizabeth Evans.

This copy has been supplied on the understanding that it is copyright material and that no
quotation from the thesis may be published without proper acknowledgement. The right of
Fern Jordan Armisteanb be identified as Author of ik work hasbeen asserted by hier

accordance with the Copyright, Designs and Patents Act 1988.

In some parts of the thesis, figures have been reproduced from publications with permission
from the copyright holder:

1. Figurel.2: permissiorfrom Elsevier, License: 4644770582075, 09/08/2019.

2. Figurel1.3: permissiorfrom Elsevier, License: 4644770748041, 09/08/2019.

3. Figurel.5: permissiorfrom Springer Nature, License: 4644771027210, 09/08/2019.

4. Figure2.1: permisionfrom Elsevier, License: 4644711424610, 09/08/2019.

5. Figure2.2: permission from SpringeéNature, License: 4644720236771, 09/08/2019.

6. Figure2.5: permissiorfrom Springe Nature,License: 4718241428233, 29/11/2019.



For Mum, Dad, Grandma and Grandad



Acknowledgments

| must start by thanking my supervisor Prof Stephen Evans for his support and guidance
throughout the past four years, particularly through the traumatising 18 month period of
writing my first paper. Thanks also to Dally Peyman fothe greatadvice encouragement

and optimism that | definitely needed at timBeth of you had confidence in me when | had

no confidence in myself, and even though the struggle continues | think you somehow turned

me into a fAscientisto.

A huge thanksmust goto Julia Gala De Pablo, my lofigne science companion and
housemate. A lot of this thesis would haive been achieved without liermense amountfo
knowledge. Thank$or putting up with mewhen | was my most annoyed and frustrated at
science Also a shotiout to Lucien Roach for being on this PhD journey with me since day

one, thanks for always being helpful and up for a coffee break.

| would also ike to thank my collaborator DHermes Gadélha for aflis help towards the

work in this thesis, anfbr hisincredible enthsiasm for science. Thanks to Ben Johnson

for sorting out the microscope in my first year, without which most of the data could not have
been collected. Huge thanks to Abiral Tamang for providing the best side project and being a
great tavel buddy in Tokyo.

| would like to acknowledge anyone who attended the BioNano summer school in Hirschegg
2013 (particularly JuliaTwig, Adam and Victoria)l was a verghyundergraduate on summer
placement, but this was my first taste of academialafiditely inspired me to do a PhD. This
leads me to thanking my original MNP besties Victoria Mico and Adam Churchman, thanks
for being my science big siblings in the first half of my PhD and now being my good friends

for life #creative #inspiring.

A gereral thanks to the entire MNP group past and present, especially if you ever bought me
a pint at the Fenton, accompanied me to Charcos (where food is good), shared an elf faro pizza
with me, or consoled me during one of my many emotional breakdowns. Ttmmarfew,

thanks torwig, Ellen, Jamie, Liam, Ash, Shajeth and Hollfeel very fortunate to have spent

time in such a sociable and inclusive research group.

Special thanks to Samuel Moorcroft for making misery corner slightly less miserable, and
always prowding great gossip. Thanke Grace Porter for singing country roads with me at
microTAS 2017, and making me laugh with heisted sense of humour #TheVoid. Also
thanks to Grace Blake (my first eveysics friendl for continuing to invite me out for tea

even when | am rubbish at replying to messages



Damien Batchelodeserves many thanks for his constant support and patience with me during
this time, and f Algothamskar coakingme nide foqultting up With .
my nonsense, sending me good/bagdts, and for being my best friefak some time

Meeting you was a highlight of my PhDgwy are alright.

My final and biggest thanks goes to my family, the most generous people | know. Thanks to
my Grandparents Dot and John &dways being proud of me ateing my numbel fans.
Thank you to my parenfeande and Royor always being willing to helme with absoltely
anything Without yoursupport aneéncouragement | would not have made it here, thank you

sSo much.

Vi



Abstract

Disease induced changes to subcellular components leads to measurable chandgesat who
deformability. Thus mechanical phenotyping offers potential asliagnostic tool. €lls
undergo physical and biological changes during cancer progression and understanding these

changes is a major challenge in developing new diagnosis and treatataotls.

High-throughpuimechanophenotypingethods are required to accountdell heterogeneity,

which arise due to cetlycle stage and biological noise. Here, a Higioughput microfluidic
technique called deformation cytometry was used to defoilminen extensional flow using

a crossslot geometry. Cells are viscoelastic and their mechanical response to an applied stress
depends on the magnitude and timescale of application. Two distinct flow regimes were
studied where either shear or inertiafdes dominated the system. In the inedtianinant

regime cell response showed vyield stress behaviour and subsequent cell structural failure at
high stresseswhilst the sheadominant regime required lower applied stress to achieve high
cell strains. Thdlifferent regimes proved able to expose suthiengesttributed to specific
subcellular changes, tested by treating cells with drugs to disrupt the actin, microtubule, and
nuclear structure. Deformation and recovery were tracked as a function of ttmgarious

deformation and relaxation parameters found to be useful markers to distinguish cell types.

Deformation cytometry was also applied to studying colorectal cancer progression. Colorectal
cancer is the third most common cancer in the UK and ¥ieeyBar survival rate drops from
~93% with early stage diagnosis to ~7% for late stage diagnosis. The deformability of three
colorectal cancer cell lines was investigated using both flow regimes. SW480, HT29 and
SW620 cell lines offered a model of metast@irogression from primary to metastatic and
were compared to the leukaemia cell line HL60. Results indicated increased deformability
associated witimetastatigrogression, and relaxation parameters showed significant changes
between different cktypes. Additional work showed that hydrodynamic deformation can be
used to increase nandocytic uptake of quantum dots into cells, due to the applied shear
force forming transient pores in the cell membrane. Successful delivery of quantum dots into
the cytosol will allow them to be used to measure the cell redox environment, which is a

marker of disease state including metastatic progression.

Results showed the potential for deformation cytometry as a cell mechanophenotying tool
with high sensitivity,including multiparameter characterisation for improved accuracy in
detecting disease stage. This work shows that mechanical measurements on a single cell level
offer insight into heterogeneity, allowing distinctions to be made between different
phenotypesi-uture work could use the method for detection of rare events or subpopulations,

particularly those arising during disease progression.
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1 Introduction

1.1 Overview

This PhD project was part oflargercollaboration to design a microfluidic platform with
combined assays to mechanically, chemically and electrically phenotype single cells. The
proposed assays were Deformation Cytomeld¢)(for mechanical phenotyping, Surface
Acoustic Wave (SAW) dielectphloresis (DEP) for electrical phenotyping and Raman
Spectroscopy for biochemical phenotypinghe main application of the platform would be

to distinguish between healthy and diseased cells within a populatianmondestructive
manner. Traditional gemic and tranggtomic analytical methods are costly and time
consuming, as well as beingherently destructive, making it impossible to determine both a
cells mutational load, its biological behaviour and therapeutic response. The integrated
microfluidic platform, indicated above,ould provide a unique cell characterisation system
capable of discerning between normal and pathological siatassinglecell level The on

chip measurements leave the cells viable, permitting subsequent destructive geneti
sequencingFurther, the platform could aid understanding of disease progression and with
assessment of treatment success. The three assay®werérst developed and optimised
separately; this project worked towards developmeBt®fo mechanicallyphenotype single

cells using a microfluidic device.

1.2 Background: Mechanophenotyping and Single Cell Analysis

The deformability of a cell is the result of a complex interplay between its biological
constituents at the subcellular level. Disease can indl@eges to subcellular constituents
(including the cytoskeleton, nucleus and cytoplasm), making cell deformability a biophysical
marker for disease. The aim of the project is to mechanically phenotype cells in order to
identify diseased populations in angale and understand how the mechanical phenotype

changes with disease progression.

The mechanical properties of biological materials can be measured on various length scales,
including submicron protein filaments and micron ranging single cells, scait@tumours

or entire organs. A challenge in cancer research is understanding how biological changes relate
to pathology, hindered by finding appropriate methods to map tumours across all length scales.
Comparisons between cell genotype and phenotype ooigmcome from averaged
measurements of a population of cells. These measurements are useful, however cell
populations are heterogeneous and averaging cannot assess individual regpelhses.
heterogeneity derives from the active nature of cells, whicbiveg biochemical reactions

driving processes such as the -@gitle, signalling, motility and differentiation. Further,

Aibi ol ogi cal noi seo occurs such t hat genet. i



environment, show stochastic gene expression tieguh phenotypic changes. Detailed
reviews of biological noise can bmund[3], [4]. Thus, & average study may show significant
changes between two populations, however a sitgjleanalysis may produce further
informationon heterogeneity as well asibpopulationsin mixed samplesFor example, a

study on mechanical changes induced by a daajrtrent may only affect a small fraction of

the cells which would not be deduced by averaging. Therefore, to properly characterise a

system the individual components much be understood.

Common downfalls of singleell analysis techniques are that they taree-consuming and

require large numbers of cells to gain statistical significance. Flow cytometry is a high
throughput technique, able to analyse thousands of cells per second, to measure physical and
chemical properties of cel[§]. Cells flow single file through a laser beam, scattered light is
collected and used to infer information about the cells. Physical properties such as size and
morphology can be deduced from scattering without fluorescent labelling, however
fluorescent lablling is required for study of the chemical content (e.g. DNA stain to study cell
cycle stage). Traditional flow cytometry offers no mechanitf@rmation, and thus current

methods do natombine mechanical and chemical phenotyginthesinglecell level.

Many techniques exist for mechanical phenotyping of single cells (described in more detail in
the next section), but are often plagued by being-tiovesuming and lovthroughput.
Microfluidics offers a higkthroughput alternative for biophysical chetexisation.
Microfluidics constrains fluid flow to the micronscale, and involves flow through channels
with dimensions on the 10s of microns scale. Fluids can be carefully manipulated with devices
requiring lowvolume of sample (picolitres to nanolitreshdvantages of microfluidic
techniques include; low reagent, low cost, biocompatibility, integration capability and high
throughput potential. Additionally, echip measurements leave the cells viable and permits

subsequent destructive genetic sequencing.

1.3 Biophysical characterisation techniques

1.3.1 Overview

Many experimental techniques have been developed for studying the mechanical properties
of cells, these are summarised by schemati¢dgare 1.1, andcan be separated into three
types; localized probing which deforms a small area of the cell, whole cell deformations, and

simultaneously applying stress to a population of cell${00cells)[6].

Localized deformation techniques include atomic force microscopy (AFM) and magnetic
twisting cytometry (MT). In AFM, a local deformation is induced on the surface of cell
through contact with sharp tip at the end of a flexible cantilevéiguirel.1a). The deflection

of the cantilever tip, detected by a photodiode, is used to estimate tieel &prre. The force
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range in AFM is 10%-10°N, and capable o$mall displacements less than 1 fifh This
technique has been used to explore tieladeformation of cells and thesubcellular
components, such as the cytoskeleton, but is limited to measurements on cells that can adhere
tightly to a substrate. Mechanical measurements are not optical and thus its combination with
fluorescent labelling and chemical disruption of cytdetal filaments was used to show that
actin filaments contribute more to cell stiffness than microtubi@psAFM data analysis
requiresapplication of elastic mads, commonly the Hertz model, whicely on assumptions

that do notaccount for the timelependent and ndimear behaviour seen in cell mechanics.

A more thorough review of the use of AFM faglicbhiomechanics can be found in Kunsr

al. 2012 [9]. Magnetic twisting cytometry (MT) involvesufictionalised attachment of
magnetic beads to the cell surface, a magnetic field is then applied to deform the cell via a
twisting moment figure 1.1d). The applied forces and displacement are similarly small like

in AFM (1012-10°N, <1 nm)[7], with bead diameters of 250 nm to 5 |j&0]. This method

was first developed by Criost al. (1949), and has since been used to study the cytoplasm,
cell membrane and cytoskeletdri]. MT has been used to studyclic loading experiments,

frequency range 0-200 Hz[12], to develogfurther insidnt into cell viscoelasticity.

Whole cell deformations can be induced by Optical Trapping (OT) and micropipette aspiration
(MA). Optical tweezers (laser trapping) involves aiming a laser beam at a dielectric bead of
high refractive index attached to a celh attractive force between the bead and laser beam
pulls the bead to the focal point of the tr&jm(rel.1c). For cell deformations, two variations

of OT exist. First, two beads can be attached to opposite ends of a cell and trapped by two
laser beams which induces cell stretching. Second, a &iegtecan be trapped at one end of

the cell whilst the other end of the cell isaahed to a glass plate. Indudettes are typically

on the 10s to 100s of pN rangjé]. Biological objects probed by this method must be
sufficiently compliant thathe required laser power is enough to deform the object without
imparting radiation damage b OT is typically limited to cells in fluid suspension (e.g. blood
cells). Also, noruniform stress distributions arise from the inherent point loading at the bead
attachment area which creates challenges when calculating mechanical parameters. An
advancenent of traditional OT is the optical stretcher OS which does not require cells to be
attached to beads or gl448]. Here, two lasers are diametrically shone on oppasiles of

the cell. The laser spots are unfocused in this plane, thus high laser powers can be used without
cell damagég10].
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Figure 1.1 Schematic representations of the types of experimental techniques used for biomechanical
characterisation of cellsincluding atomic force microscopy (a), micropipette aspiration (b), optical

trapping (c), magnetic twisting (d), sheflow (e) and subsate stretching (f).

Micropipette aspiration (MA) uses extracellular pressure for-tlegendent studies of cell
deformation Figure1.1b). An aspirathn pressure (suction) is used to draw a cell into a glass
tube (micropipette), with an inner diameter smaller than the initial cell diafidieApplied
aspiration pessure typically ranges 01D00 P415]. The micropigtte is coated with 1% agar

to prevent cell adhesion and pressure is maintained over a specific time period and
deformation is monitored by optical microscopy. Models can be applied to obtain mechanical
parameters such as elastic modulus, apparent vigemsitrelaxation constants. However, the

values derivedof these parametease very model dependent

The biomechanics of a population of cells can be simultaneously studied usindglakear
(Figure 1.1e) and substrate stretchingigure 1.1f). Sheasflow is used to monitor the
biomechanicalesponse of cells by their resistance to fluid flow. T$hé®nducted using either

a coneandvplate viscometer (a stationary flat plate below an inverted cone where laminar and
turbulent flows are applied), or by paralfghte flow where laminar flow iapplied[16].
Substrate stretching involves adhering cells to polymeric substrates through focal adhesion
complexes, the compliant substrate can be deformed and cell spreading, deformation and
migration can be studidd7]. Here, forces are on ti®-100 nNrange and displacementan

be up tathe mm rang¢7]. Additionally, the effect of changing the mechanical properties of
the substrate on the cell response can be studied. A downfall of cell population studies,
including sheaflow and substrate stretching, is that cell heteroggirelargely unaccounted

for. Singlecell properties cannot be easily decoupled from the entire population response.



A more indepth description of these biomechanical techniques can be found in these review
papers[6], [7], [10]. Figure 1.2 shows a representation of the range of forces and
displacements cellare exposed taising the previously discusd techniques, and also
provides comparison to relevant biological procesEles.forceranges from 1&*to ~10'N,

with the lowest forces imparted using optical tweezers and largest forces via substrate
deformation. The displacement ranges from®1® ~10° m, with AFM nanoindentation
resulting in the smallest displacement and substrate stretching the largest displacement.
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Figure 1.2 The typical ranges of forces (a) and displacements (b) probed by various biomechanical
assayscompared to biological cell and molecular interactions and lersgtides. Included are; atomic
force microscopy (AFM), optical tweezers (OT), optical stretching (OS), magnetic twisting cytometry
(MTC), micropipette aspiration (MA) and substrate deformation (SD). Figure taken from Suresh et al.
2007[7].

1.3.2 Microfluidics

The previously discussed biomechanical techniques are often limited by being low
throughput, where measurements pesformed one cell at a time which can be time
consuning, often resultingin a small number of celleing probed.Commonly used

techniques such as AFM, MA and OT are well established and offer high precision
measur ement s, h o we v e r areréqairedefar acéusate ehardcterisatienc h ni g

and classification oheterogeneousell populationsThus, probing cells under continuous
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flow (using microfluidics) allows for automated event capture (no preselection) and improved

measurement throughpugigure 1.3, takenfrom a review byWyss 201918], shows a

graphical summary of biomechanical methods baseo
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where the arrows indicate the direction of fldvigure taken from Wyss 20158].

Cell deformation using microfluidic techniques can be categorised as either: stimdtured
deformation or fluidinduced deformatiorf19]. Structureinduced deformation involves
passing a cethrough a constriction channel with a widthsmaller than the cell diametBr
(W<D) (Figurel.3e). Fromthis, parameters such as cell elongation, transit time and recovery
can be used to quantify cell stiffness. Strucinckiced deformation is particularly useful for

the study of red lolod cells (RBCs) as the constriction channels mimigivo capillaries.
Shelbyet al. 2003 first used constrictio(<D) channels to deform malaria infected RBCs
[20]. These type of devices can also be paired with impedance measurements, first
demonstrated by Zhereg al. 2012[21], eliminating the need for image analysis and instead
using electric signals to infer mechanical properties. This allowed improved throughputs of
~100 cells/s and parameters such as transit time, impedance amplitudedatigpadance
phase increase were fourtbkarianet al.2006 correlated pressure drop due to the presence
of a cell in a constriction channel to its stiffness by measuring the-flludl interface
displacement downstream. Measurement throughput usingricboa channels\W/<D) has

reached ~800 cells/mif22]. However, this method is also affected by cell volume and
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adhesiorbetween the cell membrane and channel walls. Larger and stickier cells will have a
longer transit time, making it difficult to infer changes to stiffness. Additionally, the small
channel diameters in such devices makes them susceptible to clogging wafiish |

experimental throughput.

Fluid-induced deformation occurs when cells are deformed by a shear or extensional
hydrodynamic force rather than by structural confinerf@3it [24], which is not affected by
friction or adhesion between the cell and channel walls. Constriction chanttelaidihs

slightly larger than the cells diamet&/$D) can be used to induce shear fluid strésgufe

1.3g). Zhenget al. 2013used a straight channel witki>D to deform RBCs and found shear

fluid stress can cause stretching, tumbling and recdilByy showingthatchemically fixed

RBCs are less deformable. Functionally, RBCs are required to squeeze through narrow
capillaries in the body so are naturally highly deformable. Therefore;ifidicted shear

stress is often not enough to deform other cell types in thesmetries. Leet al. 2009
showed that extensional flow was more efficient for deforming cells than sheaf2bpw
Extensional flow is due to a velocity gradient between a larger chamber and a contraction area
in a microfluidic device. RBCs were deformed using a hyperbolic cgmgerchannel to

create an extensional flow, they found that the same stress in extensional flow induced a higher

degree of deformation compared to purely shear flow.

Extensional flow deformation can also be achieved using a-slaisgeometry, consistingf

a junction with two opposing inlets andtlets Figurel.3g). An extensional flow is generated

and cells are hydrodynamically deformed at the stagnation point (SP) at the centre of the
junction. This geometry can be used to induce high strains on cells (3306 his method

often requires cells to be focused to a central streamline before entering the junction, to ensure
they are exposed to the same stress field. This can be achieved via inertial ff&&]samng
viscoelastic focusind29]. A technique called Deformability Cytometry (DC) has been
developed by the Di Carlo group, utilising inertial focusing and a @lo$sggeometry to
mechanically phenotypeells, first introduced in Gossedt al. 2012[27]. The experimental
setup, cell deformation and analysis of the techniqusuimarised byigure 1.4. This
technique showed a significant increase in throughput in continuous mechanical phenotyping,
the largest reported as 20,000 cel[8@, [31]. The applied sess field is also dependent on
initial cell size and shape, thus initial cell size and deformability are measured independently
and used for classificatidB2]. They defined deformability as a simple ratio of the magdr (

and minor ) axis Figurel.4e), density scatter plots of deformability vs initial size were used

to visualise collected dat&igure1.4f).
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Figure 1.4 The principles of deformability cytomet(@) Image of the device set up. (b) Schematic of
the crossslot device with inertial focusers. (c) A schematic of deformation atdgmation point$P)

of the crossslot. (d) Example higispeed image of a deformation event. (e) Definition of shape
parameters for measuring deformability. (fexample density scatter plot of deformability

measurements. Reprinted from Gossett et al. 2012 with permission from{PMNAS

Microfluidics techniques such as DC use high speed imaging to collect 1000s of cell
deformation events, which in turn generates large amounts of data. This can require significant
computational time between data collection and finished analysis.TiReaDeformability
Cytometry (RFTDC) was developed by the Guck group (first published3®]), where
microfluidic deformations are acquired continuously and analysis occurs i#inneal
Comparatively, DC requires ~15 mins before results are availabl®@RUises costriction
deformations W>D) where cells are suspended in high viscosity suspension buffers to
increase the wall proximity induced shear forces. Cells deform to a-bkélethape due to

the strong velocity gradient within the channel. The throughputTeDR is 100 cells/s,
however RTDC has analysed total populations of >100,000 cells whé&€asnly a few
thousand despite the faster rgi®]. The deformations in RDC are relatively low compared

to DC and are antisymmetric making the shape harder to characterise.

RT-DC operates in the laminar flovegime wherghe Reynolds numbey ' Q 1. To find

the associated flow fields in this system the Na@irkes equation must be solved,Yaf

p the inertial terms can be ignored making the problem linear andinoependent.
Comparatively, DC operates anregime ofY Q v 1there inertia has a significant effect and
flow field calculation is a challenging ndimear and time dependant probl¢3d]. Mietke et

al. 2015 produced an analytical model of BT and related elastic parameters back to cell

deformation[34], combining theory with simulations and experiments. As deformations are

8



measured under a steady state, the surface str@ssa isotropic and incompressible sphere

in a cylindrical channel were found and used as a boundary condition to solve linear elasticity
theory. Results agreed well with experiments using a rectangular channel (common for
microfluidic fabrication) withidentical channel pressure drop, and cells were modelled as an

elastic sphere, a sphere with a thin elastic shell, and with added surface tension.

They were able to calculate the elastic mod&ws$ cells, decoupling size froateformation.
However, he nodel is only valid for small deformatiorfsigure1.5 showsan example density
scatter plot of deformability against initial size for a given cell lowerlaid isoelasticity lines

on the scatter plot are used to divide it into areas of equal stiffness. The model was in good
agreement with experiments on agar beads of known stiffness, however the elastic modulus
of HL60 measured using RDCwasO p& Y 1@ pQO which is ~9 folcbigger than using

AFM. They discussed that the shorter timescale ofCCT(~1 ms) was responsible for the
difference, or that the shell properties (membrane and cytoskeletal cortex) dominate the
system. This work shows progress in using féghed techniges whilst also improving

measurement precision by extracting known mechanical properties.
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Figure 1.5 (a) An examplescatter plot of deformation against initial size (cross sectional area) for a
HL60 cell ample.(b) Isoelasticity lines can be used to divide the scatter plot into areas of identical

stiffness as multiples of ElastitodulusO . Figure taken from Otto et al. 20153].

Guillou et al.2016 used a crosdot device to deform cellstlow strain 0 . 0 1 < 0<0. 18, w h
U is the st r aB8m3 addaflowReyholds mumisere(Rex(.afowing them

to apply an analytical model to extract mechanicabipeters[35]. A viscoelastic twe

parameter power law model was used to predict the shear modulus of cells, results were further
validated using micropipette aspiration and by comparing to dextran particles. Here, cells were

small compared to channel size and the madel only valid for small deformations. Cells

which did not pass through the stagnation point of the device were discarded, resulting in low

event numbers for each flow condition testedd(O n)O 3 0



I ntegration of traditi oniditsmayme capableofpiodutirgc hni ques
a system that is higthroughput and outputs mechanical properties. For instance,gbatk

2005 combined continuous flow of cells through a microchannel with optical stretching
measurement86]. The trapping and stretching of cells using this method requires precise
alignment of two laser fibres on each side of the microchannel, adding complexity to this
method. Micropipette aspirati@iso lends itself to integration with microfluidics as a way to
increase throughput and extract properties such as elastic mo@nlus However,
microchannels are commonly rectangular in shape which may reduce the validity of applying
traditional MA models. Additionally, throughput is limited cpared to other microfluidic
techniques (such as DC and HRT). More detailed reviews discussing the advantages and
disadvantages of different biomechanical assays can be fo{tf],ifil9], [31], [38]

1.4 Deformation Cytometry Applications

1.4.1 Detecting diseased states

A principal application of mechanical phenotyping is disease diagnostics, i.e. identifying
diseased cells based on their mechanical propeffieformability changes have been
identified in diseass such as cancer, sed48], malaria[40], diabeteg41] and sickle cell
anaemig42]. Cancer is a common target of investigation as studies repeatedly show that
malignant phenotypes ahave reduced stiffneshan their healthy counterpaftg. This is
thought to be caused by a more disorganised cytoskeletal so that cancerous cells can more
easily invale surrounding tissue and metastasiBge stiffness/softness of cells can be
guantified in a number of ways such as measuring strains induced by an applied force, to
extracting mechanical parameters such as elastic modulus (where a reduced modules indicat
cell softening)Crosset al.2007 showed that malignant cells were >70% softer than cells from
normal tissue by using AFM to extract single cell elastic mddd]. Often, diseased cells

can equate to small population of a sample and thus kigtoughput screening is require for
mechanicaphenotyping. Microfluidic mechanical phenotyping has been able to distinguish

cells with a variety of diseases.

Tseet al 2013usedDC to identify disseminatetlumour cells in pleural effusion samples from
patients Scatter plots of initial diameter against deformability showed two distinct regions
corresponding to healthgukocytesand malignanpleuralcells. From these plots, a diagnostic
scoring system wasgleloped to categorise deformabili@ellswere allocated a number from

1-10 based on their position on the graph, 1 indicates least likely to be malignant and 10
indicates most likely to be malignant. Region$ hnd 910 contained 63% of the cell
populdion and identified the cell type with 100% accuracy, cells in regi8nwére more

difficult to diagnose and would need a different technique to be accurately id€i3#jeGhe
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et al. 2017 combined microfluidic vortex trapping abBd to isolateand characterise rare
circulating tumours cells (CTCs) from patient blood samples. Compared to samples from
healthy patients, cancerous samples showed a cell population with increased size and

deformability confirmed as CTCs by immunofluorescence.

Microfluidic studies have also been used to identify differences in deformability of malignant
cell lines and those from different stages of cancer progression. This includes; breast cancer
cell lines[36], [44], prostate cancer cell ling44], pancreatic cancer cell ling¢45], bone

cancelf46] and brain cancer csl[47].

1.4.2 Sensitivity to subcellular changes

The sensitivity oDC has been tested by using various drugs to alter the internal structure of
the cell, which includes destabilising or enhancing various cytoskeletal filaments, disrupting
nuclear structure and inhibiting motor proteiMicrofluidic techniques have been dsto

probe the effect of deformability due to changes in; deffih, [35], [48]i [50], microtubules

[27], [50], intermediate filamentR7], [30], nuclear chromatifd8], [49], [51], and inhibition

of motor proteins including Myosin [R7], [32], [50], [52]

Some studies were able to detect specific subcellular changes whereas some were not, showing
that different microfluidic assays may be more/less sensitive to specific internal changes.
Gossettet al. 2012 usedDC (inertizdominant and high strain deformations) to show
deformability increases due to lymphocyte activation and stem cell pluripotency, ktdtes t
are characterised by loose open chromatin struct[2@s However, no changes in
deformability were detected due to treatment with several cytoskeletal altarggy Guillou

et al. 2016 also used a creskt device but in a shedominant and low strain regime. This
regime was able to detect increased cell deformability due to actin destabilisation using the
drug cytochalasin 035]. Otto et al. 2015 used RIDC (sheadominant and low strain)
constriction induced deformationd/éD) and found significant deformability changes due to
cytoskeletalalterationsg[33]. They also saw no significant changes in deformability due to
nuclear structural changes. Thus, the sensitivity of microfluidic deformation cytometry is

highly dependent on the device geometry used and the flow regime utilised.

Previous works lint the measurement range to either low or high relative strains, or apply
stresses dominated by either shear force or inertial {@8je[35], [53], [54] The scope of

this thesis investigates the sensitivityos from low to high strain in sheand inertial flows
using a single device geomel{y]. Compared to previous microfluidics assays, by probing
over a wide range of conditions we could infer more physical understanding of how
subcellular changes are coupled to whole cell mechanics. This videndify which

conditions are optimum for distinghigig certain cell types leading to deformation assays
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being tailored towards their application. The skegime was also used to introduce new
parameters to describe cell response, allowing improved multiparameter characterisation on a

singlecell level which can infer heterogeneous responses.

1.4.3 DC for norendocytic uptake of nanoparticles

Cell deformation maylso affect the cell memhmasuch that stretching can induce transient
membrane poresllowing materials to flow in and out of the cellhis phenomenorman be
utilised forintracellular delivery of macromolecules and nanopatrticles (NBshas a range

of applicationsincluding RNA and DNA delivery for gene thera$5], protein delivery

[56], various NPs for cancer therapig], intracellularlabelling [58], [59], and single
molecule trackingd60]. For example, Quanturdots @QDs) are colloidal semiconducting
nanoparticles with a range of uses in the fields of bioimaging and biosensing. Their size
tuneable broad absorption spectra, narrow emission profiles, photostability and brightness
compared to traditional fluorophoremakes them appealingdlowever, usually the cell
membrane is mostly impermeable t@anoparticlesand their uptake into cells occurs

predominantlyia endocytosis.

Methods existo either release QDs froenclosed endosomes, or to deliver them directly to
the cybsol. Labelling QDs with celpenetrating peptides can facilitad@ect uptake[61],
howeverthis requiressuccessful dual conjugation. Electroporatiovolves exposing cells to

an electric field to increase membrane permeability, and has shown cytosolic dppike o

[62]. However, the electric field can cause QDs to aggregate and reduce cell viability.
Sonoporation is a similar technique utilising ultrasound instead of electric fields, and has been
usedfor macromolecule and nanoparticle delivgd®]. Microinjection can directly deliver

QDs to the cytoplasm, however this technique is extremely low throuf¥jut

More recently, various types of microfluidic DC assays have achieveeenawtytic
macromolecule and NP uptakeanger and Jensen pioneered this technique, first using
microfluidic constriction channeld\(<D) to achieve cytosolic delivery of QDs to cqis].

This cell squeezingmethod createstransient membrane porashich facilitate passive
diffusion, the initial study found ~35%elivery efficiency whilstmaintaining 8690% cell
viability. Figure 1.6 showstheir experimental seip and initial results for increased QD
uptake for smaller constriction channels. They have since used this method to deliver a range
of materials into 11 cell tygs[66], [67], including carbon nanotubes, proteins and siRNA.
Shareiet al. 2013 showed increased ey efficiency with increased cell speeds, reduced
constriction dimensions, and increased number of constrictions. Additionally, 3kDa dextran
beads were added at varying time points after microfluidic treatment showing 19@%o76f

delivery occurs withn the first minute.
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Figure 1.6 Constriction microfluidics for increased QD uptake in cglg.Schematic of the device. (b)
Schematic of theorised method of uptake due to transient pore formation. (c) Confocal fluorescence
images ofcells deformed through different microfluidic constrictions with QRseprintedfrom.

Reprinted with permission from Lee et al. 2082]. Copyright(2019)American Chemical Society.

Chungbés group adapted their inertial mi crof
delivery, here cells are deformed by contact with the device wall gtiiaction in an inertial

flow regime (Re>100)54]. A sharp tip was added to the contact area of thengtion wall,

to increase the uptake efficieni@8]. Figurel.7 shows imagesf the microfluidic device and
results for increased uptake of 3 kDa dextran particles using the iIMCS. Uptake of 3kDa and
70kDa beads was successfully demonstrated to mimic protein delivery. They also showed
successful cytosolic uptake of various DNA arigj structures achieving between 30% and
55% delivery efficiencies. More recently, this group have opted to use astwosvice in

an inertial flow regime (similar t®C by the Di Carlo group) which they refer to as a
Hydroporator They achieved delivg of many macromolecules to 10 cell types, with up to
90% delivery efficiency and a throughput >1.6 million cells/min. This included testing various
sizes of Dextran beads and achieving ~60% delivery efficiency even at 2000 kDa (~50 nm).
DNA origami strutures were successfully delivered and maintained structural integrity for

~1 hr afterwards.

Deformation cytometry can achieve cytosolic uptake of macromolecules and nanopatrticles of
various shapes and sizes. The advantafydeformation cytometry include; highroughput,
labeHree, norendocytic,maintainsviability andrequiresno external electric fiels or high

frequency ultrasound.
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Figure 1.7 Details of the inertial microfluidic cell hydroporator for intracellular delivery of
nanoparticleqa) Schematic of the-jlinction chip design. (b) Bright field image of a cell deforming in

the device. (c) Successful delivery of fluorescent dextran into cells using the system. Figure taken from.
Reprinted with permission from Deng et al. 2088]. Copyright (2019) America@hemical Society.

1.4.4 Combining DC and fluorescence measurements

DC has shown higlthroughput and sensitivity to subcellular and pathological changes.
However, using bghtfield imaging alone does nptovide tie same specificity as traditional
flow cytometers which can detect specific molecular marksisg fluorescent labelling
Recent studies are working to combine mechanical phenotyping D€imgth fluorescence
measurements to identify how substructufeas$ wiole cell deformation, anfbr improved

classification rates by multiparameter analy68j.

Hodgsoret al.2017 combined constriction channel deformatxD) with nuclear staining

to study the nuclear deformability of embryonic stem ddi®j. Cells were imaged before,
during and after compression using frame rates df@Dfps, and the traverse and axial strain

of the @ll nucleus was found. They also studied changes in nuclear deformability due to
treatment with actin depolymeriser Cytochalasin D (CytoD) and chromatin decondenser
Trichostatin A (TSA). The Guck group recently combined-BT with 1D imaging
fluorescenceRT-FDC) [69]. Lasers excitén a light sheet perpendicular to the channel axis
such that dés pass through the ligigheet at constant speed, this allows measure of subcellular
distribution of fluorophores in the direction of flow in the channel. Cells deform through a
constriction YW>D) and pass through a 3 um wide light sheet at constard dpeiag excited

by three lasers with photodiodes to measure fluorescence. This method allows identification
of subpopulations, such as mitotic cells, and direct correlation to deformability. This method
only measured fluorescence in 1D and no 2D or 38dek) fluorescence image accompanies
the bright field image. Recently, the Goda research group have made progress in combining
high speed confocal and lighheet fluorescence of cells travelling up to >1 W@, [71].
Confocal fluorescence imaging cytometry has been demonstrated for cells travelling up to 2
m/s, with two fluorescent channels including a DNA sfé@j. This allows multiple parameter

analysis to occur including whole cell and leus shape and morphology parameters.
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Traditional imaging flow cytometers have much lower throughput tharmaging, using
light-sheet excitation they improved fluorescence intensity 10 fold and achieved throughput
of ~10,000 cells/§71]. However, these techniques are yet to incorporatemetion studies
which would elucidate further biomechanical information and potentially improve

classification rates.

1.5 Scope of project and thesis outline

The scope of the project was to investigate the use of deformation cytometry using a cross
slot devi@ for characterisation of cell mechanical properties in shear and inertial flow regimes.
This included assays on cells treated with various drugs to alter the substructure and a
colorectal cancer model system. Additional applications were also explorh@ssthe ability

of DC for cytosolic uptake of quantum dots into cells.

Chapter 2 of this thesis includes theoretical background @hdpter 3 the methodologies
used to undertake the research. The deformation cytometry resulisexreeported in
Chapters 4 to 7. Finally, Chapter 8 provides a conclusion and discusses future work such as
integration ofDC with other phenotyping techniques. This includes a comparison of Raman
Spectroscopy data performed on the same CRC model system. Below is a shqtiateséri

each results chapter.

Chapter 4 describes the optimisation of the crast device, including defining shear and
inertial regime deformations using HL60 (human leukaemia).c8ld deformations were
tracked as a function of time allowimgultiple deformation and relaxation parameters to be
extracted. A Kelvinvoigt model was fitted to the strain curve to extract an elastic modulus.
The advantages of bulkveraging vs single cell analysis are also explored using the

multiparameter dataset.

Chapter 5 involves probing mechanical changes due to subcellular alterations in the shear
and inertial regimesThis includes; actin destabilisation using Latrunculin A (LatA),
microtubule destabilisation using Combretastatin A4 (CA4), and chromatin dewaiohn

using Trichostatin A (TSA)Deformation tracking and single cell analysis optimised in

Chapter 4 were also applied to the datasets.

Chapter 6 focuses on mechanical changes due to colorectal cancer progression. This is done
using a model system dhree CRC cell lines (SW480, HT29 and SW620) representing
different stages of disease progression. Deformation cytometry assays were performed in
shear and inertial regimes, and deformation tracking was used for-sglighaultiparameter
analysis. Statigtal tests were also used to test the abilities of mechanical parameters for cell

type classification.
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Chapter 7 explores other applications of microfluidic cell deformation. Firstly, cytosolic
uptake of quantum dots (QDs) into MCF7 cells is probed asdcidm of flow rate in shear
and inertial flow regimes. Secondly, preliminary results are presented for using microfluidic

deformation to activate the mechasensitive ion chann®iezol.
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2 Theory and Background

In this thesis, deformation cytometry is used primarily for mechanical phenotyping of single
cells. This includes studying the effects of subcellular perturbatiionbole cell mechanical
response, and mechanical changes as a function of colorectal cancer progression. The
introduction chapter provided a general introduction to advantages of microfluidics for
mechanical phenotyping compared to other techniquesebssva literature review on the

diagnostic applications of mechanical phenotyping.

This chapter includes a deeper background into subcelkitacture and metastatic
progression, and how these relate to mechanical phenotype. The principles and nti@insequa
relating to microfluidics are also described. Finally, an overview of models of cell mechanics

is provided as well as details of the KeMiioigt model used throughout the thesis.

2.1 Cell Structure

2.1.1 Overview

The cell is considered the basic biologicait which makes up all living organisms. The two
main types of cell are prokastic and eukaryotic. Prokaryotes are usually single lizieks

and have thesimplest internal structure. Theyre thought to have been tbé&lest living
organisms, the two tygeof prokaryote arerchaea antbacteria which are usually between 1
um and 10 um in sizézukaryotic cells are vastly more complex, generally bigger, capable of
forming multicellular organisms (unlike most prokaryotes) and include fungi, plant and animal
cells. For example, the human body is made ugBa@t2-trillion cellsof ~200 different kinds

of cells. Individually many cell types have a size of -200um, however can be even smaller

such as red blood cells&um, and much larger such as femaleedglces ( oocyt es) a1l

All cells are enclosed by the cell membrane, which keeps the key cellular components
internalised. The cell membrane consists of a lipid bilayer with embedded membrane proteins,
and controls movement of ions and molecules in andbtite cell. Eukaryote structure is

more complex due to the presence of additional internal lipid membranes which enclose
Aorganell esdo from the rest of the internal
nucleus where DNA is contained and arranggd chromosomes. The material contained

within a cell, apart from the nucleus, is referred to as the cytoplasm. The agueous component

of the cytoplasm, where all the organelles are suspended, is referred to as the cytosol.
Prokaryotes do not contain a newt or enclosed organelles, any DNA and proteins are found
within the cytosol and contained by the cell membrane. The other main organelles within

eukaryotic animal cells are mitochondria and the Golgi apparatus.
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2.1.2 The Cell Membrane

Cell membranes mainly osist of a phospholipid bilayer typically ~7 nm thick, held together
mainly by noncovalent interactions and are dynamic fluid structures with the lipids able to
diffuse freely within the plane of the membrane. The other main components of the membrane
arevarious lipids, cholesterol and embedded protéiimg three main types of membrane
protein are: integral proteins, peripheral proteins, and-&pichored proteins, which are
important for avariety of biological activitie$72]. Integral proteins spaihe membrane and

are anchored within it, one example of a function of integral proteins are ion channels which
can be chemically or mechanicallyggered to allow ions to cross tiheembrane. Lipid
anchored proteins are covalently bonded to lipid moleaulgésh anchor the protein and are
located on either side of the membrane surface. Peripheral proteins are attached to integral
membrane proteins or the lipid bilayer periphery but interactions are temporary.

Through membrane proteins, the cell membrané&anscto the cytoskeleton which provides

cell shape and integrity, and also attaches cells to the extracellular matrix (ECM) and other
cells to form tissues. The membrane itself is a viscous-ikedsubstance contributing to cell
viscosity, bending rediznce and incompressibility. However, as discussed in the next section

the cytoskeleton is thought to be the main contributor to cell mecHa&8ics

2.1.3 The Cytoskeleton

(a) Microfilaments (b) Microtubules

(c) Intermediate filaments (d)a + b + c merge

Figure 2.1 A fluorescent image o cell with labelled cytoskeletal filamentactin filaments (blue),

microtubules (green) and intermediate filamemesl}, Scale bar 10 um. Image taken frjd].

The cellmembrane alone does not provide enough structural integrity to maintain cell shape

and structure or allow cell motility. A complex network of protein filaments which pervade
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the cytopl asm, known as Athe cytosshaped, et ono,

internalised organisation of organelles, cell division and cell movement.

The cytoskeleton is highly dynamic and constantly reorganises itself to change the shape and
arrangement of the cell. This depends on the environment; various signallingaysitamn

trigger restructure of the cytoskeleton. An example of this is the continuous cell cycle in which
DNA is replicated and cells divide. The cytoskeleton also plays a key role in cell movement,
vital for tissue development and wound healing. Untilergly it was thought that the
cytoskeleton was only present in eukaryotic cells, however some bacteria have been found to
have primitive cytoskeletal componefit§]. The cytoskeleton of eukaryotic cells consists of
three types of filament; microtubules, intermediate filatheand actin filamentdzigure2.1

shows an example fluorescent image of the three filamEhgsthree filaments play different

mechanical and functional roles within the cell, discussed in the following sections.

Filament Structure Diameter Persistence Length
|
A Actin G-actin
~7 —10nm 3—-17 pm
~25nm 4 —8mm
8 —10nm 200 nm — 1 pm

Figure 2.2 A simplified schematic of the structure of the three cytoskeletal filaments: actin filaments,
microtubules and ritermediate filamentsimage taken fron{76] under the Creative Commons

Attribution License.

Microfilaments

Microfilaments are also referred to as actin filaments-attin, they have aiameter of7-10
nm, which isthe smallest of the three cytoskeletal filaments in eukaryotic o&tisn
filaments are formed by polymerisation of actin monomeradgth which is ~42 kDa) which

self-assembles into a doukhelix structure with a pitch ~742m(the schematic of the structure
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is shown byFigure2.2a). Actinfilaments have polarity, the two ends of a filament are labelled

the barbed (or +) and puid (or-) ends. The barbed end has preferential addition-att®

and the pointed end preferential dissociafion]. When the rate of polymerisation at the
barbed end matches the rate of depolymerisation at the pointed end, the filaments are referred

to as Atreadmillingd with the appearance of movi

The persisterelengtha is used to define the stiffness of cytoskeletal polymer filaments. If
the filament has a length below theit can be modelled as a flexible/elastic rod, whereas if
the length is above thi it can only be modelled statistically as a 8ihdom walk. The
persistence length of&ctinisdc o p X &, which is more than for intermediate filaments
(200 nm1 um) and less than for microtubules§4nm)[78]. However, microfilaments form
bundles and networks whiclelp to regulate cell shape and give cells structural rigidity. Many
types of actin binding crodikers facilitate the orientation and spacing of bundles and
networks, mainly found at theell periphery Figure2.1). Myosin motor proteins are ATP
dependent and move along actin filaments, they are able to exert tension in the cell and
transport intracellular vesicles. For instance, stress fibers arebagtiies with a highly
regulated actanyosin structure able to provide contractile forces for functions such as cell

adhesion, motility and morphogenesis.

Actin microfilaments also form a cortex at the cell periphery, referred to as the cell cortex or
actincortex, which is ~100 nm thidk9]. The cortex consists of a network of microfilaments

and myosin motors which are attached to the lipid membrane via menramchaing
proteins. This structure is mechanically rigid and provides cell shape, however the membrane
fluidity results in rapid turnover of protein constituents so the cortex is also plastic in nature.
Thus, the lipid membrane composition and microfilaraeme couplednd changes to either

can result in whole cell mechanical changes.
Microtubules

Microtubules have a diameter of 25 nm and their length can vary from 0.2 pm to 25 pm, they

have the largest diameter of the three cytoskeletal filaments. Thegenfie nt s consi st of U
b tubulin di mer s-to-endioforim a petichl filament streckure, avitha pitch

of approximately 13 dimerf80]. Figure 2.2b showsa schematic of a microtubule where

protofilaments selbssemble to form the cylindrical filament.

Figure 2.1b shows that microtubules radiatavay from the cellular nucleushis helps
maintain cellular structure and provides transport mechanisms from the nucleus to the rest of
the cell. A organelle called the centrosome is the primary microtubule organising centre,

allowing the characteristic radial growth. Transport along the microtubules is facilitated
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mainly by two motor proteins: kinesin and dyn@#i]. Both motor proteins can only move
along thefilament in one direction. The direction is inherentyntrolled by filament polarity

the ends of each protofilament have either U

Microtubules are the stiffest of the three cytoskeletal filaments, avitht Q& & [78].
However, they are still thought to be less important to whole cell mechanics compared to
microfilaments. Microtubules are individually stiffer, but microfilaments can be highly-cross

linked providing more mechanical rigidity.
Intermediate Filamets

Intermediate filaments have a diameterof22l@d nm ( Ai nt er medi ateodo i n
other two cytoskeletal filaments). Microfilaments and microtubules consist of single types of
proteins (Gactin and tubulin), whereas 70 different genes have mmntified for coding

various intermediate filament proteins. Six subcategories of intermediate filaments exist based

on their amino acid sequence and protein structure. Their final structure consists of eight
protofilaments arrangkin a ropelike strudure (Figure 2.2c). They are assembled to form

antiparallel tetramers, resulting in them not having distinct plus and minus ends (unlike

microfilaments and microtubules which are highly polar).

Intermediate filaments are less dynamic than microfilaments and microtubuleko arat
illustrate Atreadmillingo, they are gener al
However, phosphorylation regulates their assembly and disassembly. They have various roles
within the cell including supporting the cell membrane and fixirganelles in place within

the cytosol. Vimentin and keratin are exampmésytoplasmic intermediate filaments. Lamin

is an example of a nuclear dwelling intermediate filament, a fibrous protein which provides

the nucleuswith structure and mechanical idity. These filaments are disassembled and

reorganised during mitosis.

The persistence length of intermediate filamentsin ¢ Tatd p‘ @ the lowest of all the
cytoskeletal filament§78]. However, microfilaments and matubules are more brittle and
rupture under strains ~10% whereas intermediate filaments can withstand strains of ~200%
[82]. This behaviour is attributed to the hierarchical structure of intermediate filaments that
permits unfolding of subunits withut rupturing thefilament. Figure 2.1 showsthat actin
filaments are located at the cell periphery forming a cortex, which is mainly responsible for
resisting stresses, the nature of the cortex allows cytoplasmic flow abovecal stitain.
Intermediate filaments maintain cell integrity in such cases by being sufficiently flexible to
allow deformations without making the cytoskeleton too rigid or brittle, whilst still preventing

excessive deformatiorf83].
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2.1.4 The Nucleus

Most eukaryotic cells have a nucleus corteim e ar |y al | of the cel
small amount is contained the mitochondria. The nucleus is the largest organelle and its
mechanical propertiesaninfluence measurements of whole cell stiffnédse diameter of

most monenucleated mammalian cells is2® um[84]. The nucleus is bound by two lipid
bilayers, known as the nuclear envelopbe space betweehd layers is ~2@0 nm and
known aghe perinuclear spacd& he nuclear envelopsolates the contained genetic material
from the cytoplasm and prevents passage of large molediuetear pores are embedded
across both membranes and regulate transporoldcmes across the envelope. The nuclear
lamina is a fibrous network containing lamins (an intermediate filament) and membrane
proteins, located on the inner surface of the inner nuclear membrane. An internal network
provides the nucleus with mechanicalpport and helps to regulate DNA replication and
mitosis. A looser external network forms outside of the nuclear envelope, providing additional
support by binding to the cytoskeleton. The nuclear lamina is part of the nuclear matrix, which

is the network wthin the nucleus which is comparable to the whole cell cytoskeleton.

Outer Nuclear Envelope ¢, hromatin ro— w—

Inner Nuclear Envelope

Nuclear Pore

. Nucleolus
Cajal Body

PML Body Transciption Factories Nuclear Matrix

Figure 2.3 Schematic showing the main structure of the eukaryotic cell nudlaien fronj85].

Chromosomes are organised as Dpratein complexes called chromatin. There are two types

of chromatin: euchromatin which is less compact and contains frequently used genes, and
hetero chromatin which is dser and contains infrequently transcribed genes. Nuclear
stiffness is known to be mostly dependent on the structure of nuclear lamins and chromatin.
Many membradess structures alsgeside within the nucleuscalled nuclear bodies, the

largest being theutleolus which synthesises rRNA and assembles ribosomes.

The mechanical properties of cells is dominated by the nucleus during physiological
deformations, such as cell migration and movement through narrow capillaries. The nuclear

envelope, nuclear lamirend nuclear interior (consisting of chromatin, matrix and nuclear

22

S

A

(0]

ge



bodies) all affect the stiffness. For example, during differentiation stem cells increase
expression of proteins in the nuclear envelope and modify chromatin structure leading to
increasedstiffness[86]. Also, drugs such as Trichostatin A lead to decondensed chromatin
which softens the nucleli49], [87], [88]. The structure of the nucleus is also coupled to the
cytoskeleton, loss of nuclear lamins has led to changes irkeyete structure and reduced
stiffness[89]. During interphase the nucleus can bEXXold stiffer than the cytoplasmic areas

of the cell, with measured elastic moduli betweerl8kPa (values vary due to cell type and
experimental techniqug®0], [91]. Under an applied stress, nuclear stiffness is mediated by
the structure of lamins (generally closer to nuclear perighand the nuclear terior
(chromatin structure and nuclear matrikne nuclear lamina behaves like an active element
whereas the nuclear interior a compressible viscoelastic material, also exhibiting stra

stiffening under compressidaz].

The main techniques used to probe nuclear stiffness are atomic force microscopy (AFM),
micropipette aspiration (MA) and mictweology[93], [94]. Both AFM and MA can be
performed on isolated nuclei although the structure can be damaged during the initial isolation
process. The techniques aro be performed on intact cells, however results cakevecs!

by the surrounding cytoplasrintact cells can also be used with a disrupted cytoskeleton to
more accurately capture nuclear properf8. Tensile forces can transmit stress onto the
nucleus via the cytoskeleton so this method loses that informa@omparatively,
microrheology carbe used to study local properties from within the nuclear interior. Active
measurements involved inserting ~80000 nm magnetic beads into the nucleus, then
applying a controlled force and inferring properties from the bead displacement. Downsides
of this are that microinjection of these relatively large beads can disrupt the nuclear structure.
Passive measurements use smaller beads (~100 nm) to compensate this, and measure the
Brownian motion of the beads due to thermal fluctuations to infer stiffneessialler beads

are less disruptive, however measurements are highly subject to local variations (i.e. a bead

less embedded in the matrix will move more).

2.1.5 The Cell Cycle

The cell cycle is the process within a cell where DNAeglicated and the cell canis are
divided onto two daughter cells. The cell cycle of eukaryotic cells has two basic parts called
mitosis and interphas@5]. Mitosis is the process of nuclear division and eventual cell
division (known agytokinesis), interphase is the period between mitosis events where cell
growth and DNA replication occur. A complete cell cycle is typic2hhr (depending on cell

type) and the mitosis phase ~1 hr, meaning dividing cells are in interphase 95% of the time.

During interphase, cells grow at a steady rate and usually double in size between mitosis. DNA
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synthesis occurs during one portion of iptease, meaning the cell cycle can be described by
four distinct phasesummarised by thechematic irFigure2.4a.

(a)
Cytokinesis
stiffest Cell division
Increasing Mitosis
sr/ffnpy - —
M
Cell Growth e
/‘v [ Go
‘ .
1 The Cell Cycle quiescent
|
\
Interphase
S Cell Growth
Cell Growth +
DNA replication
1. Interphase (G3) 2. Prophase 3. Prometaphase
Centrosomes Early mitotic
k spindle
( S
\ xL —-:
Nucleus Nucleus
Uncondensed chromatin condensed chromatin Sister Chromatids
4. Metaphase 5. Anaphase 6. Telophase
Cytokinesis
x X :
c“ i ™\ / ‘s“‘ o\ /%5
o / g\ Metaphase ’-\ A A/- Contractile ring ;
'-—“ \““ —-"“ ] Plate ’e/ ] V ) Actin and Myosin Il
w e\ .2 ey
* < Daughter * 4 =~

Chromosomes - K

Figure 2.4 (a) A simplified schematic of the four main phases of the cell ¢}l& schematic of the

subphases during mitosis which results in cell division (cytokinesis).

G1 (gap 1) phase is the gap between cytokinesis (endto$isiphase) and the beginning of

DNA replication, however the cell remains metabolically active and growth occurs. Next is
the S (synthesis) phase, this is when DNA replication occurs. Tkga 2 ) phase signals

the completion of DNA synthesis, thellogontinues to grow and proteins are synthesised in
preparation for mitosis. £3S and Goccur during interphase and the time spent in each phase

is cell dependent. The M phase (mitosis) is described by subphases, summarised by the
schematic inFigure 2.4b. Immediatelyafter interphase ends, the cell entersphaseand

chromatic condenses into chromosomes. Nextrametaphas¢éhe nuclear envelope breaks
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down allowing microtubules to invade the nuclear space and form the mitotic spindle. The
mitotic spindle is a cytoskeletal structure (composed mostly of microtubules and other
proteins) which works to separate sister chromdtatntical copies of chromosomes). The

cell then entermetaphasghe two centrosomes (locates at opposite ends of the spindle) work

to pull the chromosomes to opposite ends of the cell. The chromosomes align along the
Amet aphase pl atthedcelldAhaphasdren resultd in the ahromafids being
cleaved and separated so that a copy of each chromosome is at opposite ends of the cell,
Telophaséhen signals the nuclear membrane to reform into two nuclei within the cell. Finally,
cytokinesisoccurs via Myosin Il and actin forming a ring which contracts to cleave the cell

into two daughter cells.

Many adult eukaryotic cells cease division (e.g. nerve cells) or divide occasionally via
signalling pathways when new cells are required to replaceiatamaged cells (e.g. skin
fibroblasts). These cells exit the; @hase and enter the; @hase, which is a quiescent
(dormant) stage where cells remain metabolically active but do not proliferate. The cell cycle

is regulated by extracellular growth facd@s opposed to availability of nutrients.

Figure 2.4 shows that the subcellular structure of cells is altered greatly throughout the cell

cycle, particlarly during mitosis. This results in changes in cell stiffness depending on cell

cycle phase. Otto et &015chemically synthesised HL60 cells at the four phases and used
microfluidic RT-DC to measure the cell deformabili{96]. They found thatell size and
deformability could distinguish the four phases, particularly cells inh&l increased
deformability compar ed warefouM.for I8,iGandISamth Ml e f or ma
being the stiffest, however the cell size halves after mitosiSYnd then increases again

(SA G1). Fluorescencactivated cell sorting (FACs) has traditionally been unable to separate

Gz and M as it relies on DNA stain, and both phases have the same total DNA content.
Therefore, deformation cytometry shows promisa &bel free method for studying the cell

cycle.

Discussion of the cell cycle often focuses on structural changes in microtubules (mitotic
spindle formation) and nucleus (condensing chromatin and nuclear division), however the
actin structure also changggnificantly. Actin has a key role in early mitosis, it initiates cell
rounding by forming a cortex (adherent cells must become rounded in order to divide during
cytokinesis)[97]. Also, Matzeet al 2001 used AFM to study the actin stiffness before and
after formation of the cleavage furrow, the adilgosin Il contractile ring which forms to
cleave the cell during cytokinesis. They showesignificance increase of actin in this region
during the onset of furrowing compared to interphase, with-2011@ld increase in stiffness

during cytokinesis.
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2.2 Cancer cell progression and mechanical changes

2.2.1 Cancer and Metastasis

The staple of a canceroosll is uncontrolled continuous proliferation, whereas a normal cell
has controlled proliferation. This continuous proliferation arises due to mutations in genes,
however multiple specific mutations are required for a cell to become cancerous. Two basic
types of mutation are required, firstly in systems which promote cell growth and secondly in
safeguarding systems preventing unwanted cell growth. During mitosis DNA is replicated and
mistakes naturally occur, causing mutations. However, the relative nwhibgistakes is
extremely low and cells have safeguarding mechanisms to repair DNA. Usually, if cell DNA
is irreparably damaged then cell death is triggered (apoptosis). Environmental factors
(carcinogens) and genetic factors cause mutations. Hencekélibolod of the multiple

mutations required for cancer increases with age.

Once mutations occur in multiple genes associated with cell growth and multiple genes
associated with safeguarding genes, which would usually induce apoptosis, a cancerous
growth (gimary tumour) will occur. Another requirement for tumour growth, is access to a
blood supply. For a mass of cancer cells to continue growing, additional mutations must occur
to promote the growth of new blood vessels or else the cells will starve (sgaBasicenext
becomes metastatic when cells from the primary tumour are able to enter the blood stream or

the lymphatic system. This leads to secondary cancerous growths in other regions of the body.

For metastases to occur, a cancerous cell must beodireak away from the primary tumour

and move into a blood vessel or lymph node. This process is not well understood, theory
suggests the cells may begin to produce an enzyme that destroys surrounding membranes and
structures separating the tumour frdme blood and lymph. Additionally, for cancerous cells

to move to new locations their mechanical structure may change to increase their

deformability. Therefore, cell deformability is a marker for cancer cell progression.

2.2.2 Colorectal Cancer

Colorectal canae(CRC) is the third most common in the UK for both males and females,
there areaaround 41,700 newases each year the UK[98], [99]. The five year survival rate

for early stage diagnosis (where the primary tumour is contained within the bowel lining) is
93.2% this drops drastically to 6.6% for late stage diagnosis when the tumour has metastasised
to different parts of the bodyL00]. Therefore, improvements are needed for ensuring early
stage diagnosis and also for treatment of advanced stages of CRC. This section will detail how

a primary CRC tumour forms and eventually metastasises to a secondary location.
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The interior of the colomn s covered in Acryptso. The surf a

epithelial cells that facilities salt and water absorption. Epithelial stem cells reside at the
bottom of the crypts, these cells proliferaiea controlled wayand move toward the colon
surface to replenish cells at the surface when they die. When mutationghmceyithelial
cellsmay begin to proliferate continuously and form a mass called a polyp which protrudes

into the interior of the colon. Most colon cancers originate from tefpslyps.

The majority of progressed colon cancers show examples of multiple mutations in genes
associatd with promotionof cell growth and safeguarding methods to prevent cell growth.
The earliest mutatits are found in both copies of thene APG101]. APC is responsible for

a growth factor pathway, when both copies are mutated the APC proteins turn on growth
factors even when no signalling occurs to signal proliferation being required. Cells in the
epithelial lining begin to proliferate, forming i n e s tcancemds cefis: @ells lacking
APC protein also show many more mistakes being made during mitosis, therefore APC

mutations lead to both growth advantage anohcreasén subsequent genetic mutations.

However, APC mutation alonis not enaigh to lead to cancer metastadige to additional
safeguarding systems. In half of polyps a second mutation called KRAS was responsible for
progression from denest to polyd102]. This mutatiorcan cause growth factor pathways to

be permanently on. Mutains intwo APC genes and one KRA&n forma polyp. A polyp is

still termed precancerous and further mutations are required for tumour progression and
metastasisit least 7 mutations are required for most colon epithelial cancers to progress to a
metastatic stge[103]. Figure2.5 shows a schematic outlining the genetic mutations which
can result in a preancerous polyp developing into an adearcinoma and then

metastasising.

Mutation Mutation Loss Mutation
and loss and loss

APC KRAS SMAD2/4 TP53

Normal epithelium Early adenoma/ Intermediate Late adenoma Carcinoma Metastasis
dysplastic crypt adenoma

Altered DNA — | Other genetic alterations
methylation

Figure 2.5 Schematic describing progression from normal epithelial crypts through to colorectal
adenocarcinoma to metastasiscluding common genetic mutations towapdsmotion of cell growth

and loss of safeguarding methods which lead to CRC progres$siage taken fromiL04].

Colon cancer progression is described by the Dukes sydi#farent stages are identified by
accounting for: penetration depth of the cancer below the colon surface and whether the
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tumour cells have entered the lymphatic system. Staging helps to determine what treatment is
suitable i.e. surgical methods for pplremoval, chemotherapgndbr radiotherapyThe

stages ranggom a polyp( Du k e 0 s, tsdetecplde mitastasisstéde k e 6s st age D) .

The most common location for a secondary metastatic tumour is the liver. Chemotherapy and
radiotherapy are widelysed for treating advanced cancerous tumours, however the rapid
mutations in cancer cells render some of them resistant to these tregti@d®htEhey do this

by: blocking entry of a drug into the cell, enhancing systems that repair RNage and

disabling enzymes required to activate the therapeutic drugs.

2.2.3 Model System

Three colorectal cancer cell lines, originating from different tumour stages, were chosen to

study changes in cell deformability due to CRC progression. Traditionalp,thk e 6 s st agi ng
system is used to classify CRC stages but the TNM cancer staging system is used more widely

for all cancer types. TNM provides three numbers to classify the stage: T refers to the size of

the primary tumour, N the number of nearby cancelpuph nodes and M the amount of

met astasi s. SW480 <cells derive from a primary e
stage B, which is equivalent to N0 M0. SW620 cells derive from a secondary tumour

from the lymph node of the same patient (Dulee gesCaral T24 N1 M0O). The SW480 cells

were isolated in 1976 from the colon of a 50 year old male, with the SW620 cells isolated

from the secondary lymph node tumour a year [di@8]i [1L08]. These two cellines are an

ideal model of progression as thdgrive from one patient, eliminating any metastasis

variability due to variations between patients.

HT29 was the third CRC cell line studied, it 1is
(T2-3 N1 MO) fran a 44 year old female isolatedi864[109]. This cell line represents an

intermediate stage between prim&w480 cells and the secondary SW620 cells, so the three

together are ideal for studying progressidhmedet al. 2015 has a comprehensive study of

the genetics and epigenetics of CRC cell lines, including those of SW480, SW620 and HT29

[110]. Figure2.6showsaschematcut | i ni ng the Dukeds stages of th

model system.

Severalworks report that the secondary SW620 cells haveegplated genes associated with
cytoskeletal changes, which accompanied increased motility, enhanced invasion potential,
reduced adhesion and higher proliferation compared to the primary SW/ABP[115].
Tsikritis et al. 2015 [116] and Palmieriet al. 2015 [117] both used AFM to study the
mechanical properties of SW480 and SW620. They found that the progressed SW620 cells
were softer and insinuated this niagydue to changes in the actin cytoskeleton. Gala de Pablo

et al. 2018 used Raman spectroscopy to biochemically phenotype CRC cell lines, including
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the three for the model system studied hge They found a correlation witlstage
advancement and lower lipid content and higher lactate comteitiie best of our knowledge
microfluidic deformation assays have not been previously used to mechanically phenotype
SW480, HT29 and SW620 cells.

SW480 HT29 SW620
Primary Advanced Primary Secondary/Metastases
Duke’s Stage B Duke’s Stage C Duke’s Stage C
Quter Lining \
®

e ®
.
node

Inner
Lining

Figure 2.6 A schematic outlining the model system for CRC progresaibich includes SW480,
HT29 and SW260 cells.

2.2.4 Mechanical phenotype of malignant cells

A primary tumour is exposed to different types of mechanical interactiohsdimg cellcell

and celECM (extracellular matrix) interactions. The three types of mechanical stress include
tensile stresses due to actomyosin contractibility in response to the ECM stiffness,
compressive forces due to rapid expansion caused by patiife in a confined space, and
shear stresses due to blood and interstitial flow. Mechanotransduction is the biochemical
response of cells due to a mechanical stimulus. These same mechanical stimuli can elicit
increased actomyosin contractility and ECMfehing in transformed cancerous cells, which

aids tumour progressiofi18], [119]. Further, he alteration of protein structures as cells
becomecancerous leads to changes in cell shape, stiffness and adhesion to the extracellular
matrix. This results in enhanced motility of cancerous cells, which in turn allows them to
escapelte primary tumour and migrate to secondary sites. Generally, studies have shown a
correlation between cell deformability and malignaj¥dy[120], [121] Specifically, changes

to cytoskeletal structure have been noted in the Epithielisllesenchymal transition (EMT),
associated with metastatic progresgii2?]. This transition involves cell phenotype changing
from epithelial to mesenchymal and is known to facilitate metastasis by disrupting cell
polarity, celtcell adhesion and transforming wellganised cytoskeletal networks into
fragmented arrangement. Thesganges aid migration and invasiveness of cells. Nuclear
morphological changes have also been noted in cancer cells, including disrupted chromatin

arrangements which may alter stiffn¢s23].
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Gucket al.2005 used a microfluidic optical stretcher to deform various breast cancer cell lines
representative of different stages of metastatic progression: MCF10 (benign). MCF7 (primary
adenocarcinoma) and modified MCF7 to increase invasiveness (metd8&isishey found

a correlation between increased deformability and disease progression, which they also related
to an associated drop of ~30% Haétin. Cros®t al.2007 used\FM to study metastatic cells

from pleural fluids of patients with lung, breast and pancreas c®leThey showed that
metastatic cells are ~70% softer from different cancer origins. Metastatic cetibhatdmon
stiffness and their properties were less heterogeneous than benign ceitsaalX2012 used

AFM to study deformability as a function of ovarian cancer progre$$sit]. They showed

that highly metastatic ovariarells are softefHEY A8) compared to the less invasive ovarian
cancer cell (HEY), and further correlated metastatic potential to increased invasiveness. Gene
expres®n analysis of the two cell lines indicates that stiffness reduction is related to changes
in the actin cytoskeletom, correlation was found betweeraFc t i n coal i gnment and Y
modulus with softer cells showing less organiseatfin arrangement#&dditionally, Lekka

et al. 1999 found decreased stiffness in cancerous bladder cells using AFM and suggested
cytoskeletal reorganisation due to oncogenic transformation as the cause for this. It should be
noted that these techniques (AFM and optical stretghare low strain and mostly sensitive

to cytoskeletal properties, other mechanical changes in the nucleus likely play a key role in
cancer progressiofi18]. As the largest and stiffest organelle, a compliant nucleus coupled
with contractile forces enables cells to squeeze through the vasculature to aid metastatic

progression.

More recent studies have shown that correlation between metastatic progression and
deformability may be dependent on cancer type. Ahmekedl. 2018 used a microfluidic
channel to deform cells under shear stress, and studied deformability changes of breast and
prostate cancer cell lines at different stages of disease progréé4joThey found that
strongly metastatic breast cancer cells had increased dddibity similar to the results by
Gucket al2005[36]. However, they found that prostate cells showed decreased stiffness with
metastatic potential. Nguyest al. 2016 studied the mechanical properties and invasiveness

of pancreatic cancer cell lines using deformability cytometry, AFM and parallel
microfiltration [45]. They showed that metastatic potential correlated with passive
deformations using microfilation, which is representative of invasiveness. However, AFM
showed increased Youngés modulus with metastatd.i
microfluidic constriction channel was weakly correlated to invasiveness. The use of AFM and
microfluidicsto deform cells in both adhered and suspended states shows how morphology
can affect mechanical response. RNA sequencing was also performed and showed that Lamin

A is strongly associated with the decrease in Y
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compred to Factin. Zharet al.2013 used a microfluidic constriction channel to study benign

and cancerous brain ceJs7]. They found that the cell types were indistinguishable using cell
elongation, transit speed. They also measured the associated pressure drop due to passage of
cells through the microchannel. Entry time into the ndbhemnel was more sensitive than
pressure drop when distinguishing the cell types. The cancerous cells took longer to squeeze

into the constriction suggesting that cancerous cells have increased stiffness.

The general consensus suggests that cancerougetall$o become softer to aid migration

and invasiveness, however this may depend on cancer type. Mechanical properties have been
shown to successfully distinguish cells based on disease state. However, different techniques
and measured properties can bereless sensitive to these changes, which shows that
multiple parameter analysis offer a wider understanding of disease induced changes to

mechanophenotype.

2.3 Biomechanics of Cells

Cellsdisplay viscoelastic respons®an applied stresshen probed using mitiple techniques
ranging across forcep (1t p m 0) and length scales ¢~ p T &) [125]. Many

models exist which try to encompass the compleixaviourof cells and extract fundaental
parameters. Thelastic moduluss often used, which is a measure of the cells resistance to
elastic deformation due to an applied stress (with units ofHayever, reported values for

the elastic moduli for the same cell type can vary by an afleragnitude depending on
model and techniquesad.This section of the thesis gives an overview of the complexity of
cell viscoelasticity, the main models used in cell mechanics and the model that was adapted

toward the original work in this thesis.

2.3.1 Viscoelasticity

A viscoelastic material exhibits behaviour somewhere between an ideal solid and an ideal
liquid. A purely elastic material does not dissipate energy when a stress is applied and
removed. However, mat er i al s elbvatheeyieldstrashter act er
deformation is termed reversible and once the stress is removed the material returns to its
original shape (elastic deformation). Above the yield stress, the material undergoes a
permanent deformation known as plastic deformatidrich results in energy loss. A

viscoelastic material also loses energy when a stress is applied.

Anideals ol i d i s modell ed as a | i neguation2.8)pThd ng de s
strain U anfountthat the spring stretches from equilibriuis linearly proportional to the

applieds t r ewhgreElis theelastic modulusvhi ch characterises the
Purely elastic materials are time independent, when stress is applied the strain is immediate

and when the stress is removed, they immediately recover their original shape. Comparatively,
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an ideal liquid is modédd by a dashpot where a plunger moves through a viscous Newtonian

fluid. Equation2.2 describes this behaviowmh er e t h e agpmpoitoeadito Hraimr e s's U

rate- wi t h a const antwhichis the fluidgsoasity. The matdrial deforms|

at a constant rate until stress is remgvesit he mat er i al Afl owso. The en:
deform the material is dissipated and the stisapermanent (time dependent).

, 0 10-0 21
2.2

For a material to be deemed viscoelastic it must have three properties: hysteresis in-its stress
strain curve, exhibit stress relaxation and exhibit creep behaviour. Unlike an elastic material,
a viscoelastic stresstrain curve will show hysteresis withe area of the loop equal to the
energy loss during the loadiugloading cycle(Figure 2.7). This is due to it taking more
energy to displace the material from equilibrium than to return it to its original shape, the
energy consumed during loading is due to heat dissipation orufaieearrangement. Stress
relaxation is the reduction of stress as a function of time in a material which is undergoing a
constant strain. Contrasting this, creep behaviour is the tendency of a material to continue
deforming when a continuous stress iplagul, the strain increases until the material reaches

an equilibrium and the strain is constant.

Elastic Material Viscoelastic Material

Area equivalent to
energy loss

No energy loss from
loading and unloading

Hysteresis loop

>

Y
>

3 €

Figure 2.7 Graphical schematic of the sssstrain loading and unloadingurves of an elastic vs a
viscoelastic materialWhere a viscoelastic material shows hysteresis where the area of the loop is

equivalent to energy loss.

These characteristic viscoelastic behaviours can be modelled by arrangement of spring and
dashpotsas equivalent circuitgl26]. Here, stress is equivalent to voltage and strain rate is
equivalent to arrent. The elastic modulus of the spring corresponds to the capacitance as it
stores energy, and the viscosity of the dashpot corresponds to the resistance because it
dissipates energy. The next section discussed the different circuit arrangementsrand the

ability to model creep and stress relaxation.
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2.3.2 LinearSpring and Dashpot models

Viscoelastic materials can be modelled by a circuit arrangement of linear springs and dashpots,
and are often used to model cell mechafii@s]i [136]. The two simplest arrangements are

the Maxwell model and the Kelvidioigt model. The Maxwell modedonsists of spring and
dashpot arranged in seriésgure2.8ai), governed by equatich3. Where, 0 is the applied
stress; 0 is the strainE is the elastic modulus associated with the linear spring@the
viscosity associated with the dashgba material is subjected to an instantane force, |,

the solution of equatio.3 is shown by equatio.4. There is an instantaneous elastic
deformation governed Wy, and viscous flow deforming at constant rate governeat{Bigure

2.8aii). When the force is removed at tilpéhe elastic deformation recovenstantly whereas

the deformation of the viscous element is permanent. The Maxwell model can predict stress
relaxation Figure 2.8aiii) but not creep bel@ur, this model is often used to model

viscoelastic liquids.

The KelvinVoigt model consists of a spring and dashpot arranged in pafitielré¢ 2.8bi),
governed by equatidhb. If an instantaneousrce is applied,( the solution to equatioh5

is shown by equatio®.6. Here, the strain response develops over time as the dastgrds

the response of the spring. The system initially behaves like a viscous liquid, over longer

timescales the behaviour becomes more elastic as the spring stretches. Under constant stress

the system tends towards the deformation of a purely elastierimdai.e.- b —,

characteristic creep behaviotrigure2.8bii). When the material is freed at tihehe spring
retards the material back to its original shape with no deformation. The Ké&digh model
successfully predicts creep behaviour, lendisgjf as a suitable model for viscoelastic solids,
but not stress relaxatioRifure2.8biii). It has been used to model the behaviour of ¢£83],
[138], however resolution was limited in early expegims and since then more complex
systems have since shown to better fit cell respr&gji [132], [139], [140]
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Figure 2.8. Schematic describing the three simplest spdaghpot models and their responses over
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in series ) KelvinVoigt Model consisting of a spring and dashpot in parallel and (c) Standard Linear
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Model consisting of a Maxwell body in parallel with another spring.

Two principal phenomena seen in viscoelastic materials are creep/recovery and stress

relaxation. The Maxwell model predicts stress relaxation but not creep behaviour, and vice

versa the Kelvirvoigt model predicts creep behaviour but not stress relaxation. The simplest

springdashpot circuit model to predict both phenomena is the Standard Lin&h{S&)

Model [134], consisting of a Maxwell body in parallel with a second sphigure 2.8ci

(modelled by equatio@.7). Figure 2.8cii shows the creep behaviour of this system which

combines the responses of the Maxwell and Kellangt Models. When an instantaneous

stress (

is applied there is an instantaneous elastic deformsaitioitar to a Maxwell body

and due to the stretching of spring widh followed by a response similar to the KeRioigt

(d)

the stress is removed instantaneously there is an associated instantaneous decrease in strain

model wher e

followed by a slower recoveryrigure 2.8ciii shows stress relaxation of the system under a

t he

dashpot

r ©t Smilatlg, wherh e

stretchi

constant strain, the system relaxes gradually but not completely and a permanent (plastic)
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deformation remains. Overall, this model can accurately predict the shape of curves for many
viscoelastic biologicaiaterials under instantaneous loading and long timedd&ié}s [136].
0 Q,0 5 0. ¢
Q-0 — 1 9 90 2.7
Qo O ©

Heterogeneous materials such as cells can have multiple associated relaxations, which are not
predicted by the SLS model. A commonly used model which can predict creep behaviour,
stress relaxation and multiexponent decays is the Generalised Maxwell @btid) (128],

[133], [136], [141], [142] GMM is an expansion of the SLS model and consiskérmimber

of Maxwell bodys in parallel with an additional linear spring, also in pardlle model
accounts for the fact different subcellular components have different mechanical properties
with varying relaxation times, more Maxwell body elements can be added to represent more
complex distributionsHowever, as additional elements are adesipringdashpot circuits
theybecome less useful for extractingmerical values corresponding to real life parameters.
Therefore, depending on experimental technique some still prefer to use the simpler Maxwell
and KelvinVoigt models. For example, AFMsed to perform stress relaxation measurements
shows good agreement with Maxwell models and GNIB#], [136], [141], [142] Whereas,
techniques where the timescafeapplied force is much less than the cell relaxation time show

that KelvinVoigt is a suitable mod¢129]i [132], [134] A simplified GMM model called the
Zener mode, consisting two Maxwell bodyds in

agreement with stress relaxation AFM measuren{@2gj.

Bauschet al. 1998 used magnetic twisting iiorheometry to apply 1 pulses of force

( 50 071 gostdcells, anch model consisting of tH&. SBody in series with a dashpot was

found to fit their experimental dafd27]. This model shows a three phase response to an
instantaneous force: an initialastic response, a relaxation regime and viscous flow. This
behaviour suggests at least two components of the cell exhibit an elastic response and at least
two a viscous respons@nce again, downfall of this model is that it tells us nothing about
which components of theell are responsible for these responses. This model has a large
number of parameters which are impossible to equate to real cellular components which makes
the model ambiguoyd 26].

Overall, circuit arrangements of linear springs and viscous dashpots have been used to model
the mechanical response of cells across a wide range oidaek. More simplistic models

are more useful for extraction of viscoelastic parameters; however they do not account for cell
heterogeneity and multiple relaxation times. More complex models have shown to accurately

fit data; however the large number dtihg parameters offer no insight into the specific
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mechanical responses of different subcellular components. Other mechanical models,

discussed in the next section, have been developed to compensate these issues.

2.3.3 Overview of Models of Cell Mechanics

Early cell mechanics experiments had limited resolution and simple sfasigpot models

were sufficient to model viscoelastic creep and stress relaxation. As a wider range of
timescales and frequencies were probed at improved resolutions, additiongddsstipot
elements were required to sufficiently fit data. The increasing number of model fit parameters
made their mechanistic meaning ambigudie exponential relaxation behaviour modelled

by linear viscoelasticity was previously favoured over pelaer stress relaxation because it
was seen as more intuitij&é43]. However, aweak poweilaw dependence has now been
found for a large number of cell types, using different experimental techniques and timescales
[137], [144]) [146]. Cell rheologyis typically characterised by sinusoidal deformations at a
given frequency] ( , using the frequenegiependent complex shear modul@] . The
complex shear modulus of cells can be described esjngtion2.8, validated across many
studies[145]. Where'@2 is the storage modulu&@eee is the loss modulus arflis the

power law exponent.
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Equation2.9 describes powelaw behaviour from a creep experiment where a constant force
"QOis applied to a material at 11, the material deformation over tirsrecorded wheré 6
‘Q 0 7'Ois known as the creep functiofhe power law exponeht describes the viscoelastic
behaviour of the material. For a given system such as a cell@geit are constants. The
constantQcharacterises the materials compliance,farig an arbitrary timescale which does
not affect . This makes the behaviour timescale invariant. Pdawerheology manages to
display cell responses to force with just one paramageb.tends to Ogqudion 2.9 reduces
t o Ho o k(egdason2ll)aamd the material behaves elastically.pA®nds to lequation
2.9reduced to equatidh2 and the material behaves as a viscous liquid. For beitsnmonly
ranges between 0.1 and 0.5 and is stress depgnd&iht

L. Q0 .0

0o _O 0 1'_ 2.9
The downfall of this is that cell behaviour is highly Aorear and powelaw rheology offers

no insight into characteristic timescales associated with cell relaxation. The dynamic
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behaviour of the cytoskeleton makes cells inherently different fromlinig material.
Various cell types both stiffen and fluidize when undergoing an applied stress, known as the
stiffening-softening paradox in cell mechan[dg 7]. Currently no model combines this stress
dependant cell response and weak peasrrheology, and no synthetic materials exhibit both

of these behavioursThus, mechanistic values such as elastic modulus vary between

experimental techniques making it difficult to compare between studies.

Several conceptual moddiave been suggestenléxplain the unique mechanical behaviour

of cell ggel Dhenofd®dl treats the cell |like a gel
cytosol[148]. The filament lengths and amount of crieking proteins determines whether

the response to stress is filike (Solstate) or solidike (gelstate). More recently, data
suggests that the cytoskeleton is better modelled as a glassy material. TdiasSgftheology

(SGR) model describes a material existing close to a glass transition where disorder and
metastability govern the mechanical response. This theory does well to explain the weak
powerlaw behaviour of cells but does not explain the phenomemio stressnduced
stiffening [149]. The tensegrity model operates under the assumption that cekessifim
proportional to intracellular stresspb0]. The cell is a prestressed structure with evidence
suggesting that actin filaments are responsible for tensional forces and microtubules for
compressional forces. This theory links thetivee and dynamic nature of a cell with its

mechanical response, however it does not predict pamerheology[151].

LinearViscoelastt i t y, Tensegrity andloSV@R ameorexaazmeglse
the main principles are valid indepk&ndeddl g
can be used instead which explain bulk properties of a system from its individual constituents

One examples is the Glassy Waolike (GWLC) chain model, which combines the werm

like (WLC) chain model from polymer physics with the SGR model. WLC describes polymer
segments (in this case cytoskeletal filaments) as-8erilble rods with successive gments

pointing in roughly the same direction. Stretching of curved individual filaments reduced the
number of available conformations, reducing entropy and generating prestress. SGR is
combined with WLC by adding nAseéetardngfilaneni nt er a
relaxation.GWLC can explain weak powdaw behaviour and stress stiffening. However,
Abotupon descri ptions do not offer a quantitat
and filament length of cytoskeletal filaments are higtasiable.
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(a) Linear viscoelasticity (b) Tensegrity

(c) Soft glassy rheology (d) Glassy worm-Like chain

TGN rJﬁf

Figure 2.9 Simplified schematics showing some of the main conceptual models of cell mechanics.

None of these models account for dilatatiqralume)changes in the cytoplasm. Living cells

are constantly undergoing biochemical processes to remodel their internal structure. They can
change their shape and volume without an external force. Examples include cell oscillations,
blebbing and cell movemefit52]. To have a complete understanding of cell rheology, shear
and dilatational effects should be accounted for. Moeendasgiaa, 2013 introduced the
poroelastic model of the cell cytoplasm, where a porous elastid smishwork (the
cytoskeleton, organelles and macromolecules) is immersed in the fluid cytosol. The rate of
deformation is governed by the rate at which the cytosol can pass through the holes in the
porous meshworkl53]. Using AFM they found forceelaxation to be poroelastic at short
timescales. Poroelastic behawiaccan be characterised by théubion constaniO . This is

shown inEquation2.10 where O is the elastic modulus; is the pore radius, ardis the

cytosol viscosityEquation2.11shows the timescafe for water movement through the pores,
wherel is a length scale associated with the amount of indentation. If the force application

time 0 is shorter than the tirseale for water movemerit (L 0 then poroelastic relaxation

dominates. For longer timescalés ( 0 powerlaw models were applicable.

o 2.10
5 211
OX —
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Overall, the mechanical response of a cell is dependent on; the magnitude of the load,
technique of application and the timescale. Different theories capture different aspects of cell
mechanical behaviour and produsealing laws which fit well to experimental data. A

universal model does not currently exist and a complete understanding of the physical

mechanisms behind these scaliag$ is still to be determined.
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2.3.4 Kelvin-Voigt Model

The KelvinVoigt model was introduced in secti@B.2as a simple model for a viscoelastic
solid, andhas been used widely in the field of cell magics. This model was used as it is
applicable to measurements of whokldl deformations and known to fit viscoelastic solid
behaviour well. Equation2.6 shows the solution to the differential equat@b when an
instantaneous stdprce is usedThe work in this thesis usedcrossslot microfluidic device

to deform cells at th&P of an extensional flowHere, the force is not applied in teglike

fashion and is instead ramped from O to a maximum value occurring at the SP. In a shear
dominant flow regime velocity scales linearly with foregation2.24). Calculation of the

flow profile in the crosslot device was used to characterise how the stress on a cell deforming

at the SP varies with time.

The velocity profilein a sheadominant regimewas simulated using the finite element

software COMSOL Multiphysics, with the fluid properties o a@o tand” p Tt T TH

The simulation was 3D and the geometry mimicked thmessslot geometry used
experimentallythe channel widths were 35 um asfthnnel height was 25 um. A singlbase

laminar flow model was used with the initial condition of incompressible fluid behaviour. The
boundary conditions were inlet laminar inflow at a flow rate @fi/fin, and at the outlet
pressure of Dindnmdéekdrwme !l ysnwtiomAgere21¢ unni ng
shows the variation of flow velocitipr an ideal cell deformation event, following a trah

path through the inlet/outlet and travelling through theT®.position {40-0) um is the inlet,

position O is the stagnation point ang4@) um is the outlet.

(b} [T = N
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Figure 2.10: (a) Crossslot velocityprofile found using COMSOWwhere position 0 is the stagnation
point of the crosélow. The volumetric flow rate used was 5 pl/min. (b) A velocity magnitude image
generated by COMSOL.

The velocity profile shows an initial linear velocity in the inlet esponding to the volumetric

flow rate (5 pl/min) which ramps down to O at the SP, and then ramps up at the sawhe rate.
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sine function is fitted to the velocity profile, shown in 1&d 1o w This suggests that
, 0 varies approximately assanefunction, for a periodY(wherebd —). Equation2.12
shows the sinearying stresg O as a function of timevhichis used to solve equatiahs.
The analyticabkolution is shown by equati@13. Here,, is the peak value of the sine wave

corresponding to the SP positiomhichwasfoundby calculating the pressure drag and shear
stress on a ceht the SP (described in secti2rb.2).

.0 . p OFIO 2.12
-0 _1700 =1 O0-1
_ R 2.13
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This model isused throughout the thesis to fit data for cell deformation dynamics and extract
an elastic modulus for various cell types. The addition of multiple spring and dashpot elements
was considered, however the simpler KelVinigt fit well to experimental dataMultiple
elements also produce more fitting parameters which cannot be correlated to specific
responses, whereas Kelwfoigt produces an elastic modulus which can be easily compared

to other studies.

2.3.5 Cell Plasticity

After a cell is deformed due to mectieal stress, the cell shape recovers. Studies have shown

that this recovery is not always to theiginal undeformed shapspme cells do not recovery

fully and show an apparent fpermanent defor mat.i
elastic deforration would result in complete recovery (i.e. linear spring) whereas a viscous
deformation would result in no recovery after st
deformations can occur due to bond ruptures occurring within the cytoskedatidtimg in

incomplete recovery, referred &s cell plasticity.The majority of cell mechanics research

focuses on cell deformation due to an applied stress, with less focus on-#iepealecovery

once stress is removgrb4]. However, incomplete shape recovery is an adaptive cell property

as it reduces mechanical stress during cyclic deformations which can protect the cell from

mechanical damaj155].

Bonakdaret al. 2016 used a multidirectional magnetic tweezer device to investigate the
reversibility of deformation in cells, and found cells did not recover their initial 125§
Additionally, they used cyclic loading and showed that the magnitude of incomplete recovery
increagd with each cycle of force application and followed weak power law behaviour. They
discussed that under cyclic loading tensed fibers become permanently stretched and

compressed fibers buckle, leading to incomplete recoAajgrowskiet al. 2007 studiedhe
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devel opment al Apl asticityo of t he nucl ei h
differentiated cell§86]. Devel opment al Apl asticityo refer:
their gene expression, but evidencelofsical plasticity was seen in the undifferentiated stem

cells. Micropipette aspiration showed that stem cells were ~6 fold softer than differentiated

cells, and also did not recover their original shape after being deformed. Undifferentiated cells
showednegligible traces of Lamin A/C and also decondensed chromatin. Fluidisation of

chromatin and lack of Lamin A/C was attributated to the plasticity of stem cells.

Ho et al. 2018 devised a microfluidic device to impart cyclic deformations on cells, to test
whether compression loading and unloading lead to plastic deformHt&Bjgas oppsed to

tensile or shear). They found no plasticity in MCF10A cells after 0.5 Hz cyclic compression
for 6 min. These results show that plastic deformations are dependent on loading frequency,

initial stress, experimental technique and could also be anyagespecific cell type.
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2.4 Microfluidics Background

Microfluidics is defined as the manipulatiohfluid flows on the microscale.fis scale offers
many advantages due to the pre@eatrol ovetthe fluid compared to macroscopic scalas

to the presence of laminar flowThis technologyknown as labon-a-chip [157], utilises a
device made of small channels typically etched into glass or a polymer. Microfluidic device

fabrication is discussed in secti8ri

The main advantages of microfligd are the low volumes requireeducing the amount of
reagents needed and thus the production cost. The scaled down jistemesadily allow
automation, device multiplexing, and hitfiroughput measurements. This section will give
an overview of the governing equations which determine the nature of flow in microfluidic

devices, and its interaction with suspended particles.

2.4.1 Navier-Stokes equation

The NavierStokes equ#on govern the motion of viscous fluid substances. An application of
the equations is to model fluid flow in a pipe, including predicting flow behaviour in
microfluidic devices. Equatio2.14 denotes the NavieBtokes equation in the case of an
incompressible and Newtonian flu[d58]. Wherev is the fluid velocity,u is the fluid
viscosity,} is the fluid density ang is the fluid pressure. The different teramrespad to
different force contributionsa is the inertial forces due to fluid acceleration. Tdris the
pressure term representing the external pressure applied to the fluid, where fluid flows in the
direction of the largest pressure change. Teisrthe viscous forces, increasing viscosity acts

to diffuse momentum. Finally, terchrepresents any external forces such as gravitational or

electromagnetic.

0
K T— 0O 0 n‘no O 2.14
T 0
T_‘ R 2.15
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Here, the Navieftokes equation represents the conservation of momentum. It is solved
together with the continuity equati@il5 which represents the conservation asnUnder

the assumption of fluid incompressibility, fluid density is assumed to be constant. Therefore,
equation2.15reduces ta )  T8The NavierStokes equation can be simplified for certain
flow regimes, whereas for others additional equations may be required. Flow regime can be

characterised by various nondimensional numbers including the Reynolds number.
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2.4.2 Reynolds number
The behaviouof fluid flows can be characterised by the Reynolds Numigr ¢hown by
equation2.16 [159]. 'YQis the ratio of inertial to viscous forces, quantifying teéative
importance of each force for given flow conditiombe hydraulic diameté®ois dependent
on the crossectional geometry of the channel the fluid flows throube equation for a
rectangular channel is given by equatih7 [160]. WhereA is the crossectional area of the
channel P is the perimeter of the channeljs the channel width artdis the channel height.
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At low Reviscous forces dominate which is known as laminar flow, where fluid follows
smooth continuous streamlines and particle velocity is not a random function ¢i@tje

As Reincreasesgnertial forceshegin todominate and flowransitions fromaminar towhere

the flow is chaotic and instabilities such as eddy currents and vortittexceur, makingit
impossible to predict the position of a particle in flow as a function oé {it62]. This
transitionoccurs at a critical Reynolds numbEgor flow in a pipea critical value of'Y Q

¢ o misroftenquotedin the literature, where flowsith 'Y 'Q ¢ o tr@mainlaminarevenwith
systemdisturbancesuch as surface roughness, vibration and heat trai$fercritical value
changes for different geometries such as sqgu
flowd r e petweemwholly laminar and turbulent flows is often quoted as occurring
betweerg o T HY'Q 1 11 T{163].

Equation2.16 showsthat a lowRerequires a combination of low velocities, high viscosities

and small length scales. Henceagcrafluidic systems almost always operate in the laminar

flow regime due to the microscale dimensions of thechalfnals ual |y 106s of mi
In many cases, microfluidics achiev&s. p, known as Stokes or creeping flow, where

inertial effects are consideregligible[159]. Here, the inertial term can be removed from

the NavierStokes (equatioB.14), and assuming no external forces, the equation simplifies to

‘n 0 nnR T The problem then becomes linear and tinkependent, and the associated

flow fields can be solved. Comparatively, at higRethe inertial term cannot be ignored and

the flow field calculation becomes more challenging due to-lin@arity and tne
dependenceAn intermediate regime exists (~1¥Q< ~100) where inertia still has a notable

effect and can be used to manipulate particle positions in[1164ji [166].

Microfluidic systems often involve fluid flow with suepded particles, which are subject to

additional drag and lift force$wo variations of Reynolds number can be used to describe the
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flow of particles through a channel. The channel Reynolds nufitbdequation2.18)

describeshe unperturbed flow through the chanaet! is related to the Reynolds number by

Y'Q -Y, whereas the particle Reynolds numbér (equation2.19) has an additional
dependence on the size of particle within the chg6&l. Whereb  is the maximal fluid
velocity anda is the particle sizeRarticle flow is dominated by viscous forces at low particle
Reynolds numberY L p). Here, particles travel at the local fluid velocity due to viscous
drag. Under these conditions neutrally buoyant particles do not migrate across streamlines and
particle distribution is conserved. With increasvig(Y  p) particles become increagiy

subj ect to fAthe waldlucetibedtidtarddrdebhedradi ng t

streamlines and particle focusing.
L] 0! €,
Yo Y® 2.18

YooY = 2.19

2.4.3 Flow Resistance

Flow resistance must also be considered when designing microfluidic channels. This is
calculated using equatid@i20, whereq Hs the pressure difference across a chaige the
volumetric flow rate andY is the channel resistanc®licrofluidics commonly uses
volumetric flow ratesQ (m?/s)instead of linear velocity (m/s), as this value remains constant

throughout the device whereashanges with channel dimensions.

Yo 0Y 2.20
The fluid flow in a rectangular microchannel can be deflmedquatior2.21[168]. Wherew
is the channel width) is the channel height, is the length of the channel and p is the fluid
viscosity. b is the aspeact e@ivhehe bhannepr ébeht s
square channelhe function') (equation2.22) shows a known polynomial of the aspect
ratob,whi ch simplifies significantly for high aspe
flow is confined in one dimension.
0 Q0 ¢ Qb
oq'Q 2.21
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2.5 Microfluidic Cell Deformation

Microfluidics is an appealingechnique for cells studies due to: small sample volume, low
cost, biocompatibility, integration capability and potential for high throughput measurements.
Cell deformation using microfluidics can be categorised as either: structdueed
deformation orfluid induced deformationFigure 2.11 summarises the different channel

geometries that can be used to hydrodynamically deform single cells.

2.5.1 Structureinduced deformation

Structure induced deformation involves passing cells through a channel whic¢hdzass ane
channeldimension that ismaller than the cell diametéFigure2.11a). Confinement by the
channel walls requires the cells to deform as they are pushed through the channel at a set flow
rate.Parameters such as cell elongation, transit time and recovery are used to quantify cell
deformability[19]. Structure induced deformation is particularly uséduktudying red blood

cells (RBC) because the channels mimic in vivo capilld#i@§ [22]. However, constriction
induced deformation is also affected by cell volume and adhesion between the cell membrane
and channel walls. This means that larger and stickier cells will have a longer transit time.
Additionally, the small diameters of constriction channels make them susceptible to clogging
which limits experimental throughput.

2.5.2 Flow induced deformation

Fluid-induced deformation is where the cell is deformed by a shear or extensional force rather
than by confinement structur§8]. Fluidinduced deformatioiis not affected by adhesion
between the cell and the channel wadisd cell strain can be adjusted as a function of flow
rate. Several geometries can be utilised for flinduced deformations (and are shown in
Figure2.11).

Channels with a diameter slightly larger than the cells diameter casdoketo induce shear

fluid stresswhere the cells deform to a bulédte shape due to the strong velocity gradient
within the channglb) [19], [34], [46], [52], [96], [169] Here, the magnitude of shear strigss
relatively small and only able to induce smaller strains. The entrance or exit of a constriction
channel can also be used to generate an extensional flow, often more efficient for deforming
cells[26]. Extensional flow is caused by a velocity gradient between a larger chandbam an
area of contraction in a microfluidic devj@hyperbolic converging channel to deform cells

in extensional flows shown by (c]23], [24].
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Figure 2.11 A schematic showing the different microfluidic geometries that can be used to deform

single cellsn a highthroughput and automated manner.

Figure2.11 a-c show microfluidic geometries comprising of single channels which expand
and contract to induce extensional or shear forces, geomefries/d more than one channel.

An extensional flow can also be generated using a-stosgeometry (d). Cells adelivered

to a junction of two orthogonal channels at a set flow@atn extensional flow is generated

due tothe flow decelerating to e Tat the stagnation point (SP) at the centre of the junction
[27], [29], [32], [35], [48], [170], [171] This geometry is capable of inducing higfinain cell
deformations. However, unlike the single channehgetoies (ac) the cells need to be focused

to the centre of inlet square/rectangular channels in order to deform at the SP. This requires
an additional orchip particle focusing mechanism, such as sheath or inertial focusing, which
can be difficult to degin and implement. Alternatively, particle tracking software can be used

to only analyse the deformations of cells which passed through the SP and discarding cells

which were close to channel walls.

A cell travelling down a straight channel can be hydrodynally stretched by a pinched flow

(d), where the cell is squeezed by the introduction of two opposite and perpendicular channels
[30]. A T-Junction dsign combines fluid and structure induced deformatiofb4). Cells are
delivered to a FJunction where they collide with the channel wall, resulting in-Bigain
deformation. Similar t@rossslot channels, pineflow and Tjunction deformations are also
dependent on the cells position within the channel. Adding complexity to either device design

or image analysis.
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2.5.3 Shear and Inertial Forces
Hydrodynamic cell stretching is due to a conation of shearand inertial forces.The
Reynolds numbedetermines whether the regime is sh@@aminant or inertidominant. The

different regimes depend on device geometry, cell suspension viscosity and flow rate.

The majority of the studies in the thegise a crosslotgeometry Figure2.11d), ageometry
first designed to study extensional rheology of polymer solufibr®], [173] This geometry
was chosen as it can be used to induce low and high sitairmsinge of flow condition$he
shear and compressifeo r ¢ e 6 s a cdeforming atahe SPaof acceaslelt devicecan
be estimatedsingequations2.23and2.24. The compressive for¢®, is due to the inertia of
the fluid and the fact the cell is decelerating at it moves towards the SP, can be calculated
using 2.23[174]. Where” is the density of the suspension metlias the fluid velocity 0

is the crossectional area of the celhdd is the drag coefficient is highly dependent on
Re(equation2.16), and was calculated using equatB5 which isthe fourparameter drag
correlation equation proposed by Broetal. 2003[175]. This equation was correlated to a
480 point data set of measured value® qf using the terminal velocity of falling spheres,
over a large range &e.The given equation best correlated the experimentalfdatd 'Q

¢ p mtwhich fully encompasses thenge of Reynolds numbers used in this thesis.

"Oe g" Y6 2.23
"Oe ' T“i ct Y 2.24
o T . T8 T X
6 TP ™ L'YF X p T 225
P Yo

The shear forcé, due to the viscosity of the suspension fluid imparting a frictional force on
the cell, was determined 224, where' is the viscosity of the suspension medis,the cell
radius and is the strain rie [35], [174]. Flow rate and viscosity can be tailored to achieve a
shear or inerti@ominant flow regime. This can be demonstrated by calculRi#{gquation

2.16) for a range of flow rates and suspension medium viscadtigsre2.12 is a plot ofRe

as a function of flow rate at two viscosities of suspension mediwf,(the same as water)

and a high viscosity 33 cRNhere the unit cP (centipoise) is equivalent to 1 #mPa
Calculations were done for devices with channel width of 35 pm and a height of 25 pm,
matching the dimensions of the design most used in this thesis (dedaribed in section

3.2). Figure2.12 shows a linear increase Bkas a function of flow rate, and that increasing

viscosity significantly decreas&e.Previousstudies have shown that inertial effects start for
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Rebetween20-40, thereforeY Q 1 Twas used as a boundary for the inertial regigtd,

[176], [177] For a solution with a viscosity of 1 ¢cRe>40 for flow rates 011
Therefore, low viscosities and high flow rates ensure an irgotisinant regimeFor"

o @ U the Reynolds number is lowr'Q ¢ for the entire range of flow rates used in the

body of work a high viscosity and low flow rate are ideal for a sttearinant regime.

Reynolds Number

INERTIAL REGIME

1cP
— 33 cP

SHEAR REGIME

T T T T T T T T T T T
0 40 80 120 160 200
Flow Rate (pl/min)

Figure 2.12: Variation of Reynolds number with flow rate in a crest device for two viscositigg=1
cP and p=33 cP. The dashed line at Re=40 represents the flow regime being defaigrtashear

or inertia-dominant.

The total forc€O is the sum of the two force componeri@, "O "O. Figure2.13further
describes theeparate contributions t® by "Oand™O as a function of flow rate and Reynolds
number Figure2.13a shows plots ofquations2.23 and2.24 as afunction of flow ratefor a
suspension viscosity pE1 cP. 'O is proportional t6Y comparedo "Owhich is proportional

to "Y. For flow rates ~40 pl/min the compressive contribut@rbegins to surpass the shear
contribution™O. Here,Re>40which corroborates that at these flow conditions inertial effects
are significantThus, "O is dominated byO at low viscosity ad high flow ratesThroughout

the thesis inerti@dominant flow measurements are taken for flow rates 1t # Qi a low
viscosity buffer (PBS or DMEM media ~1 cHjigure2.13b shows the force contributions as
a function of flow rate for a suspension viscositypsf33 cP. "O increases with density
whereasO increases with viscosity. Methyl cellulo@d4C) was used to increase the viscosity
of PBS from ~1 cP to ~33 cP, comparatively changes to density were small (0.5% methyl
cellulose). This results ii©® being dominated b0 up to flow rates of 200 pl/mirRe<11for

the entire range shown kigure2.13p. Additionally, for flow rates <18 pl/min the Reynolds

number is <170 is dominated byO in a low flow rate and high viscosity regime.
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Figure 2.13: Plots of equations2.23 and 2.24 as a function of flow rate. Changing the viscosity p of
the fluid determinesvhether the system is inertia or shear dominéa}.For u=1 cP, at flow rates
above ~40 pl/min the compressive force contributi@pegins to surpass the shear contribution(b)

For u=33 cP the shear force has a larger contribution that the compressive @imethe entire range

of flow rates described. The dashed line is at a Re=1.
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3 Experimental Methods

3.1 Microfluidic Device Fabrication

Fabrication of microfluidic devices involves three steps: designing the device geometry using
the software AutoCAD, creating master of the device, and using soft lithographgréate
devices from the mastefhe methods below detail the protocol of master fabrication and
micro-device fabrication. Thenasterfabrication process is summarisedHigure 3.1 and
PDMS microdevice fabrication summariséd Figure 3.2. Specific device designs are
discussed in Sectich2

3.1.1 Master Fabrication

Device masters were fabaitedusing3-inch Silicon wafersandthe negative photoresist SU

8 2025 (Microchem, Warickshire, UK). Wafers were cleaned using piranha wet etch (using
H.SOQu & H20,) at >80xC for 30 mins and then rinsed and storedéipnised wate(Figure

3.1 a). Before use, wafers were dried using a nitrogen gun and placed in an ovex@tf@é80

~20 mins. Room temperatureafers were placed on a spin coateMS 6000) and coated

with SU-8, and then the acceleration, speed and spin times were set to achieve the desired
photoresist thickned&igure3.1 b).

A soft bake the solidified the SB layer by evaporating the solvent in the-8Wafers were

placed on aoom temperaturbot plae (EMS 100601, Salisbury, UK) which was then get

55°C (it took ~5 min for the hot plate to heat to°&). Wafers were left at 58C for 30 mins

before turning the hot plate off and waiting for themtool toroom temperaturéigure3.1

¢), which took ~1 hr 30 mirDirectwrite laser lithographyas used to etch the microdevice
designsintotheS8 using a 2 em |l aser of wavelength 375 n
Magneto Optics)Figure3.1 d). SU-8 2025 isa negative photoresist, the areas of the wafers

exposed to the UV laser became crosslinked whereas the rest of-thee8ldined soluble

The dose was optimised for device design, lower doses can achieve better resolution for small

features but lead to adkion problems between the 8land wafer. High doses can cause
overexposur e, reduci ne hragsedlou tcihaam naerd & owri eeaetri t d ar

dose of 400 mJ/ctavas optimal for designs in this thesis (smallest channels of ~35 um width).

A pog-exposure bake then completed the polymerisation step, the same temperature ramping
procedure as the soft bake was udedure 3.1e). Wafers were deloped in ethyl lactate
(CsH1003) solvent (EC solvent) for ~2 mins to remove the uncrosslinke®,3blen washed

in isopropanol (CECHOHCH:) for ~1 min Eigure3.1f). The previous baking steps can cause
stress on the S8 layer and cause cracking. A hard bake at $38Ifghtly below SU8 glass

transition temperature of 210 ,°for 15 mins was sufficient to remove any cracks in the SU
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8 (Figure3.1 g). The completed master was then usable for PDMS microdevice fabrication
(Figure3.1 h).

The height of the S8 channels was confirmed using a Stylus Profiler (Bruker Dektak). Stylus
profilers use a mechanical probe to acquire surface topography, the probe scans across a
surface whilse feedback loop monitors the force from the sample. The probe performs a line
scan across an S8channel to provide a height profile and give the-s&ght of the channel.

Silicon substrate T SU82025
] _f Hot Plate

(a) Clean Silicon Wafer  (b) Spin Coat photoresist (c)Soft Bake (d) Expose
- uﬂj . “
(e) Postexposure bake (f) Develop Photoresist (g)Hard Bake (h) Completed Master

Figure 3.1. Schematisummarising the production steps for fabrication of an8séilicon masterthe

main steps of the protocol are shown in ordehja

3.1.2 PDMS Device Fabrication

Microfluidic device channels were forméd the polymerPDMS (polydimethylsiloxane)
usingthe masteras a mouldo create a negative replica of the-8dtructures in the PDMS

A mixture of liquid PDMS and a crodimking agent (SYLGARD 184at a ratio of 1:10 was
prepared and centrifuged at 14,000 rpm for 4 mins to remove bubbles. The mix was then
poured @er the naster in a petri dishHgure3.2 a) and left under soft vacuum for ~1 hr to
remove any remaining gas dissolved in the PDM& PDMSwasthencured in an oven at

75 °C for ~1ht becoming a hydrophobic elastomer. Timwv sold PDMS layer was then
peeled away from the mastgfigure 3.2 b), and the fluid inlet and outlet access holes were
punched using & mm diameteBiopsy PunchefFigure3.2 c). PDMS mailding creates 3 out

of the 4 walls required for an enclosed channel.

The PDMS was sealed to either a glass slide or cover slip by oxygen plasma treatment, creating
the fourth wall.The PDMS and glass were placed inside a pladaaning chamber (Zepto,

Diener electronics, Germany), and were plasma treatedrfon, at 0.81 mbar of Q (Figure

3.2d). Plasma treatment involves oxidation of the PDMS and glass subsiraasnent with

the reactive gases replaces hydrocarbon groups present in both PDMS and glass, increasing
the number of surface hydroxyl groupSi(O-H-). The PDMS and glass were then brought

into contact and gentle pressure applied to secure the bo&linggcovalent {Si-O-Si-)
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bonds formbetween the substratds8]. Finally, the bonded microfluidic devicegerebaked
at 75 °C for 30 mir{Figure3.2 e).

PDMS

— 1

(a) Pour PDMS (b) Peel away cured PDMS (c) Punch inlet/outlets

Glass Slide

(d) Oxygen Plasma Treatment (e) Completed Device
Figure 3.2. Schematic summarising the production steps for fabricationiabdevices using PDMS

the main steps of the protocol are shown in ordeg)a

3.2 Device designs

3.2.1 Crossslot
Crossslot microfluidic devices are commonly usedyeneratean extensional flow, which is
used throughout this thesis to deform single cells avange of flow condition&igure3.3a
shows the crosslot device used in the thesis, designed using AutoCAD, which was used to

fabricate devices for deformation cytometry.

A singlecell suspension was flowdtrough the inlet prt (Figure3.3a). Samples were first
passed throughnonchip filter (Figure3.3ai). This is shown in further detail igure3.3b,
an array of filtering pillars with minimum spacing 50 um were usedo prevent blockages
occurring dowrstreamdue tocell debris and cell clumpd he filtered samplewas then
separated cwohip into two equally sized channels. These channele redirected to a
junction of two opposite inflowing channels and two orthogonal outflowing cha(figlre
3.3aii). Thisarea will be referred to as tleatensionaflow junctionandis shown in further
detail by the schematic iRigure 3.3c. This is where thecrossslot design generates the
extensional flowcausing celtleformationat the stagnation point at the cerdgfehe junction
Unless stated otherwise, the channeéltha extensiondlow junction had a width of 35 um
and a height of 25 pnT.hesamplethen leavethe device through either of the outlet ports.
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(a) OUTLET

OUTLET

OUTLET

INLET

25

OUTLET

_____

Figure 3.3. (a) Crossslot device designed using AutoCAdDth inlets and outlets labelled and arrows
used to show the direction of flowdighlighted areas include (i) an echip filter and (ii) the
extensionaflow junction. (b) A schematic of the-chip filter placed after the inlet in order to prevent
larger particles causing blockages dowstream. (c) A of the extensiordw junction, the feature of

the crossslot device where cell deformation occurs.

3.2.2 Serpentine
Another application of deformation cytometry is thatan induce transiemhembrane pores
which allows increased uptake wénoparticlesnto cells, discussed igection1.4.3 Other
microfluidic geometries have been used to increase uptfakanoparticles into cellb4],
[65], [67], [179]

In the crossslot devices in the shedominant regime the cells undergo small deformations

due to confinement ithe channel (discussed in sectdbh.4). Thereforea control was needed

to ensure that the QD uptake was improved using a-stosdevice compared to just shearing
effects due to channel confinement. A serpentine device, shown in the schefigtie®4,

was used to do this. The serpentine region has the same width and height as the inlet and outlet
channels of the crosdot (35x25 um), the length of the serpentine equates to the length of the
inlet and outlets in the cross flow. Therefore, passing a cell through the serpentine at the same
flow rate is equivalent to the shear confinement forces in the-skatsgut removes the
extensional flow deformation. Results in sectfoh.3discusses QD uptake in serpentine and

crossslot devices.
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Figure 3.4. Serpentine device designed using AutoCAD, with inlets and olathetbed and arrows
used to show the direction of floWighlighted area shows a serpentine channel with a width of 35 pum,
devices were fabricated to a height of 25 um, and the channel length matched the length a cell would

travel down the inlet and outlef a crossslot device Figure 3.3) at these confined dimensions.

3.3 Deformation Cytometry Procedure
The apparatus for deformation cytometry is summaris€tyime3.5a, using the microfluidic
device previously described in Secti®r2.1 A 1ml glass syringe wasleaned with ethanol
and deionisedvater before being loaded with a cell sampise Bore Polythene tubing
(Smiths MedicdM, Kent, UK), 0.36mm ID and 1.09 mm Omjas connectefitom the syringe
to a microdevice. The tubing was fitted directly into 1 mm diameter punctured PDMS inlets
and outlets. ie syringe was then loaded into a syringe driver (WPI, Hertfordshirg, UK
which was used to set a volumetric flow rgfg/min) to flow samples through the devices.
Tubing wasalsoconnected from the device outlets into a glass vial or microcentrifuge tube to
collect the sampleMicrodevices were mounted above an inverted bright field microscope
(Figure3.5b), a 10x objective was used to capture cell deformation eventamvilditional

1.5x magnification for flow rate§ < 200pdd "©.

High speed microscopy was used to capualedeformation events, the high speed camera
(Photron Fastcam SAX) was operated at frame rates od@@260,000) fji and exposure
times of (0.376.67)" i . An external light source was mounted over theupdFigure 3.5C),

this additional lightallowed image capture at higher frame rates and reduced exposure times

to prevent motion blurring.
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Figure 3.5. (a) Schematic of the microfluidic apparatus used for deformation cytonfiefymage of a
PDMS device mounted into a holder for higeed microscopy of cell deformation, with inlet and
outlet tubing inserted. (c) Image showing how the device is held betwsndard inverted bright

field microscope and an additional light source which enhances image intensity.

3.4 Microscopy Techniques

3.4.1 Bright Field Microscopy

The microscope used for deformation cytometry was an inverted microscope (Eclipse Ti
Nikon, Japah utilising reflection brighffield microscopy which shines white light onto a
sample and collects the reflected lighontrast isachievedby absorbance of the light by the
sample. This form of microscopy typicaliaslow contrast when viewingiological samples.
Mammalian cells are usually optically transparent and colourless, and bright field images
show low definition and little structural detail. High contrast bright field images of cells can
only be achieved on samples which are stainei;hwiiften requires fixing the sample (i.e.

not applicable for imaging of live cells in suspension).

3.4.2 High Speed Microscopy

A camera is high speed if the frame rate exced&@drames per second (fps) with exposure

time less than 1 ms. In this body of Wwarells were deformed microfluidically, and these
deformations and recoveries can occur in less than a millisecond. Therefore, high speed

microscopy was required for imaging these events.
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The determining properties of a high speed camera are; the imaggioes the frame rate,

the exposure time and the data rate. The resolution needs to be high enough so that the field
of-view can capture the cell before, during and after it deforms. Frame rates should be high
enough to ensure that the maximum cell defttion will be captured, if the frame rate is too

low this information could be missed. The exposure time shouthdmtenough that images

do nothave motion blur. Here, high speed microscopy was performed using the FASTCAM
SA-X camera (Photron). Eacauoquired pixel has an image sensor, this system uses a CMOS
(metal oxidel semiconductor) sensor. This camera has a maximum resolution of 1024 X 1024
pi xels which can be maintained for frame rates
resolution is limited byhe data rate, thus as frame rate increases the field of view decreases.
An ISO value is used to measure a cameras ability to capture the light which falls onto the
image sensor, a higher ISO allows for lower exposure times. Th¢ &hnera has an 1ISO

value of 25,000, allowing for a minimum exposure time of 293 ns.

In this body of work, frame rates of¢ chtmtfir ames per second and exposu

ns were achieved. At the highest frame rate the maximum resola®h28x128 pixels.

3.4.3 Phase Contrast Mioscopy

Condenser Objective
I ’ { Diffracted
I I Light (red
I | | % i Image
< < Plane
Condenser Sample Phase
Annulws Plane Plae

Figure 3.6 Simplified schematic of the optical 4gi of a phase contrast microscoféne condenser

annulus and 1/4 wavelength phase plate are used to convert phase shifts into amplitude.

Bright field microscopy relies on absorption of light to see contrast in samples, however
absorption is not the only way that light interacts with a sample. Other forms of microscopy
utilise polarization or phase shift to see better contrast in sample. Theoeye sensitive to
changes in amplitude or colour, howeydrase contrast microscopy converts differences in

phase into amplitude, allowing improved contrast in biological samples.

Different cellular components have different refractive indices. When isgehone on a
sample the different optical path length cause a change in phase but not in amplitude. The

phase differencef light diffracted by the sample is usually retarded by Y2 wavelength
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compared to thdackground (direct) lightObjects will show egellent contrast when the
phase difference between the diffracted and direct light is a %2 wavelength, due to destructive
interference. Therefore, phase contrast microscopy workdwancehe direct light by a %

wavelength.

Figure3.6 shows a schematic of a phase contrast micros@eyp®components are required to
transform a bright field microscope to a phase contrast microscope. The condenser annulus is
a mainly opaque ring with a clear ring, whose purpose is to produce a circle of light onto the
front of the condenser. The condensebsequently focuses a hollow cone of light onto the
sample plane. The phase plate is a circular shaped clear plate with a ring in it, with equal
dimensions to the circular annulus. Most commonly, the ring is made of an optically thinner
material to the &t of the plate. When the ring of light hits the sample, some of the light is
diffracted and some is not (direct light). The direct light passes through the optically thinner
ring of the phase plate, which advances the phase of the direct light by “eratathe
diffracted light. As the phase of the diffracted light was retarded by ¥ wavelength by the
sample, the phase difference between direct and diffracted light is now ¥ wavelength. This
causeds destructive interf gdakranpared foea dgtti n g
background, this is known as dark/positive phase contrast. A phase plate can also be used to
achieve constructive interference, where the sample appears bright compared to the

background (bright/negative phase contrast).

3.4.4 Confoal Fluorescence Microscopy

Pinhole Objective Specimen
1

\ |

|

i />,

|
|
|
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Detector

Figure 3.7 Simplified schematic of a confocal microscdpght from the focal plane (red) is focussed
through the pinhole whereas light from other depths within the specimen (orange) is blocked. This

results in acquiring fluorescence from a defined depth, reducing background fluorescence.

Fluorescence microspy uses the detection of light emitted from fluorophores to generate an
image and can be performed together with bright field microscopy. In this work, fluorescent

stains were used to visualise the substructure of cells and quantify upiRsiofo cells.
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Confocal microscopy is a fluorescence imaging technique with improved resolution over
traditional epifluorescence microscopy. In epifluorescence microscopy, light emitted
throughout the depth of the sample is detected. Therefore, some of the dagbactsdl lbe

out of focus (more prominent for high magnificatiobjective$ which limits resolution. In
confocal microscopy a pihole is used to block out light emitted from regions other than the
focal dane this results in a small depthfi¢ld and educed background fluorescer{Egure

3.7). High resolution in x and y is achieved by raster scanning the excitation laser spot over a
sample. Samples can also be mappeD, known as a-gtack, where a series of 2D images

are collected at varying depths and then stacked.

Confocal microscopy was performed on samples of cells using a Leica DMi8, which allows
simultaneous capture of bright field images and fluorescemdmasing either 488 nm, 552

nm and 638 nm excitation lasers. The microscope was equipped with 2.5%, 10x, 40x
objectives, and also 60x%, 100x oil immersion objectives. Cytoskeletal imaging was done using
a live cell fluorogenic labelling probe based on c8ittRhodamine (Sir) (Spirochrome,
Cytoskeleton Inc.) to stain-&ctin or tubulin, using a 638 nm excitation laser. Adjustable
emission filters were used to accommodate the spectra of these dyes. Hoechst 33342 (Thermo
Fisher Scientific) was used to stainlld@NA, using laser excitation at 488 nm, imaged
simultaneously with either SiR actin or tubulin staining. Confocal fluorescence was also
performed on cells incubated with Quantum Dots (QDs), using laser excitadi®® iatn.The
confocality was used to tect Z-stacks of the incubated cells to visualise whether quantum

dot uptake was endocytic or nendocytic.

Samples were imaged in transparent chanthets Tek 1), where each chambbeld0.2-0.5

ml of sample. Each chamber had 8 identical wells, whlidwed multiple amples to be
prepared and imagedth ease The thickness of the bottom wiie same agllass coverslips.
The wells were préreated with polyL-lysine, which facilitated cell attachment to the surface

of the well before imaging.

3.5 Automated Image Analysis
Automated image analysis was performed offline using ImageJ and MatLab, the position and
the shape of each cell event was tracked and parameters such as initial size, velocity,

circularity and maximum deformation inde®@ (- "Qw ) were extracted.

3.5.1 ImageJ particle tracking
The scientific image analysis softwdreageJwas used to track the size, shape and velocity
of cells deforming in microfluidic deviceBigure3.8 outlines the series asteps performed on
a raw image (a) of a deformed cell, to convert the image to binary in order to perform the

image analysisA fisubtract backgroundo come¢thaThd was
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removes smooth continuous backgr ¢180h Next, based
the brightness and contrast of the subtracted image is adjustenietse the contrast between

the dark outline of the cell and the light backgroyny From this, t he A M.
command is usedd), where image pixels are converted to either black or wiitiés

procedure divides an image into objects (i.e. aarathannel wall) and background by taking

a threshold, above which the pixel is converted to black and below which the pixel is converted

to white. ImageJ thresholding uses an iterative algorithm to convert images to binary
[181]. The subsequent image shows a black cell outline and black device walls with a white
backgroundThei Fi | | Hol esd command then fills the ¢
(e). This set of commands was applied to image stacks containing multiple cell deformation
events.

ThelmageJ 1 Dr o plugnt(rfeated coiTmvisdGeisin 2013) was then usedo
analyse and track cell shape and movemied2]. A minimum and maximum particle size

was defined, only objects within this range were detected and tracked. This was chosen to
encapsulate the range of cell sizes for each particular cell line. The channel walls were
excluded from trackings these objects exceeded the maximum size. Additionally, any clumps
of multiple cells passing through the device were discarded as they tended to exceed the

maximum size. A neareskeighbour approach was used to track objects across stacked frames.

Auserspeci fied maxi mum fivelocityo in pixels/fr
frames moved a distance |l ess than that speci
object, objects above the fivel medodldycontamwer e ¢ c

multiple single cells, the frame rates used were chosen so that the space between cells was
large compared to the distance travelled by a cell between two subsequent frames. A minimum
track length was also defined and events were onlydiecl in the outputted data if they were
tracked for at least this number of subsequent frames (between 6 and 30 frames dependent on
field of view). This helped to remove noise from the data, for instance if a frame contained

noise within the particle sizange but only for one frame it would be discarded.

DropletTracker could be run on stacks of up to 30,000 images depending on image resolution.

It outputs a spreadsheet which contains the position, shape and size of each cell event as a
function of tme.Bch detected object is assigned a ff
multiple rows of the spreadsheet corresponding to each frame in which the object appears, a
corresponding Aframe number o tells you which
object in each frame, the centroid position (X, y), area, perimeter and various deformation
parameters are foun@ising object widthand height, sectio.5.3. Additionally, velocity

(pixels/frame) is found for each tracked object. This was later converted to linear velocity
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(m/s) via the frame rate (fps) used during high speed imaging and knaoléngixel

conversion to meters.

(a)Raw image (b) SubtractBackground (c)Enhance contrast
0 ¢
(d) Make binary (e) Fill Holes (f) Object detection

Figure 3.8. An example image of a cell deforming at the stagnation point of a microfluidic detéps.
(a-f) show the process of converting the raw image to a binary image which was then analysed to find

the cell size and shape.

The data was processed using Matlab and code was written to extract the parameters of interest
and compile each individualent. Various plots were generated to check the ImageJ analysis
was robustFigure3.9 shows example plots for N=387 HL60 cells deformed at 40 pl/min in a
crossslot devie (Figure3.9 d) in a sheadominant regime (u= 33 cP), each individual event

is colour coded with adjoining lines to help guide the &jgure3.9a shows the X and Y
centroid position of each cell event, tracking the position of the particles across each frame
they are present. This clearly shows cells following the expected path througodksiot
geometry, and that different cells entered from either inlet and exited from either outlet which
validates the system symmetry. The velocity profiles are plottEine3.9 b, which shows

the cell events have similar incoming velocities which decrease to near 0 corresponding to
being at/near the stagnation poiRigure 3.9 ¢ is a plot of the ratio of cell height to width
(DI=H/W) as a function of frame number, showing that cells have initial deformation of ~1
(undeformed/circular), which increases as they pass through the stagmabrbefore
decreasing as the cells enter the outlet channel. Finally, a scatter plot of the maximum
deformationDI of the cells as a function of initial diamet&ris shown Figure3.9 ). This

verified that an appropriate particle size detection range was chosen.

This analysis method was used throughout the thesis for bulk analysis measurements of the
maximum cell deformation and initial cell diamet&y).(The velocity préiles were also used
to threshold the data, discarding any cell events which did not pass through or close to the

stagnation point. Thigresholding is discussed in sectibi.3
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Figure 3.9. An example of particle tracking used to analyse the deformation of a HL60 cell deformation
in a crossslot devicgQ=40 ul/min, p= 33 cP). (a) The X and Y centroid position of each cell event.
(b) The cell velocity (pixels/s) as a function of frame number. (c) The deformation ratio H/W as a
function of frame number. (d) An overlayed imaged of a cell deforming &Ptloé a crosslot device.
(d) A density scatter plot of the maximum DI=H/W of each cell at/near to the SP as a function of initial

cell diameter (um)the dashed lines represent the mean values

3.5.2 Matlab particle tracking

The previously described image &rsis method was used mainly for bulk measurements of
the DI of 100s-1000s of cells at a range of flow conditions. However, some of the work in
the thesis required tracking the deformation and regoocells deforming in a crossot,
allowing for multiparameter analysis (i.e. not just the maxinidimat the SP). For more
precise tracking and visualisation of each event a mathematical image processing algorithm,
written by Dr.Hermes GadélhéUniversity of York),adapted from flagkar image tracking

was used38].

Each frame of a video, containing multiple cell events, is loaded and read individually. Firstly,
2D adaptive noise removal filtering is used to improve image quality (matlab function
weiner2). This type of filtering wés best for images where noise is constant (Gaussian
noise), looks at the statistical variance of pixel intensity compared to local neighbourhood. A
large variance leads to little smoothing and a small variance leads to more smoothing.
Thresholding is thensed to convert the grayscale video into a binary video and create a mask,
with a white background and a black foreground (which should only include any cells present
in the image). A set level approach was used, which replaces all pixels abse¢ [tel to
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the value of 1 (white) and below tket leveto a value of 0 (black). The range is relative to

the signals in the loaded image, i.e. a set level of 0.5 corresponds to the half level intensity
between the minimum and maximum in that image. Aftéieadng a successful binarized
image, a minimum and maximum object size (black pixel area) is set to encapsulate the size
range of cells to be detectddigure3.10a shows a display screen which is used to check that
the filtering and tracking is adequate for image analysis of single cells. This includes filtering
the original image, binarizing to create a mask, and filtering by size to leave only objects of
interest

For object tracking, two parameters are defined.
subsequent frames is defined. If the distance between two objects is below this, the code

recognises this as a single cell event and tracks its movement. isthece between two

objects in subsequent frames is above the fAmaxi.
t wo separate cell events. The Aminimum track | el
to filter out cell events which do not pass throughesr to the SP (their track length will be

shorter). Images of successful tracking are showhidaye 3.10b and ¢, where the red line

outlines the detected cell contouretblue dot tracks the cells centroid position, and the black

line represents the path of the cell.

Finally, colour contour plots of each detected cell in the video are displBigenlg3.10 d).

These show superimposed traces of the cell shape as a function of time, starting with dark blue
as the cell approaches the SP to red as the cell recovers in the outlet channel. The display of
individual objects is a useful check to see if any unwantegctbjvere detected, which can
easily be filtered out from subsequent analyBie information gathered from these videos is

used for multiparameter analysis of cell deformation and recovery of different cell types, and
is used throughout the thesis.
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(a) Original | Filter

Mask | Dilate

Filter by size | Fill holes

Erode | Outline

Figure 3.10. Example of preision particle tracking using Matlab hHE code is used to track the position

and shape of a cell passing through an extensional flow jund@)rA cell deforming at the SP, the

blue dot shows the detected centroid position, the red line shows the detected contour and the black
line tracks the path of the object. (b) The same cell as it has traversed further into the outlet. (c)
Superimposed colour contour plots that show how theleape changes as a function of time, ranging

from darkblue where the cell approaches the crlssv junction to red when the cell reaches the end

of the outlet channel.
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3.5.3 Parameter definitions

Several parameters were usedn@asure cell shape and define the deviation in shape due to
deformation.Firstly, the deformation inde®I is defined byequation(3.1), whereH is the
height of the cell andV is the width of the cell. Another definition is the Taylor strain

b ldand i defsedriregdation(®2). a s

Finally, the circularityc can be used to describe how much the shape deviates from a perfect

par ameter,

circle. This is calculated usirgguation(3.3), whereSis the 2D projected surface area &hd

is the perimeter.A perfect circle haso= 1 and for a deformatio@< 1. The deformation is

defined asf0c =

whi

ch

wi ||
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because this quantity increases as a shape deviates from a perfect circle.
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& for easeOc will be referred to as circularity throughout the thesis,
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Throughout the thesis these three parametss used to define cell shape #melusefulness

of the parameters for different assays can be desddripthe schematic iRigure3.11. Shape

A in Figure3.11 shows a circle, wherd/=H and circularity is 1. Shape B shows an irregular
shape which deviates from a perfect circle. If a bounding rectangle is applied the width and
height are still equal to each other. Theref@kand 0 have the same values compared to
shape A whered® has increased because the shape perimeter and saaudadeve changed
compared to a circle. Shape C is closer to an ellipsoid, here the width, height, perimeter and
surface area have all changed compared to shape A and therefarardlD would all

increase.

An undeformed cell under flow has a DI~1daa circular morphology. This parameter is
intuitive for characterising the change in cell shape from circular to ellipsoidal duectompn
deformation at the stagnation point (DI>1). Similarly, the stiaailso uses the height and
width to characterisdeformation. This parameter can be used in the Ka&lgigt model to
calculate cell elastimodulus (sectio.3.4. Theseparameters are directional, i.e. dependent
on the orientation of the cell, wheré@sis independent of orientation. When measuring cell
morphology offchip an image may contain 10 s to 100 s of cells all at different orientations,

hereO is a more sitable measure of cell shape compareDIitor 0.

W
DI=1 DI=1 DI>1
e=0 e=0 e>0
D.=0 D.>0 D.>0

Figure 3.11. Schematic describing how the deformation parameter$igd’O change when a cell

begins to deviate from a perfect circle (Shape A).

64



3.6 Cell Culture

This section describes the culturing procedure for the different cell lines used within this
project. Cells were stored in a moistucentrolled incubator at 37 °C with a 5% €0
atmospherend cultured in eithe25 cnt flasksor 75 cnd flasks. Culturingwas performed

inside a Class Il Al Biosafety Cabinet.

3.6.1 HL60

The HL-60 (Human promyelocytic leukemia) cell line is a ramtherent cell line with a usual
doubling time of 3648 hrs[183], [184] HL60 are ofta used in microfluidics as they naturally
reside in single cell suspension, without need for trypsinisation or resuspension in an EDTA

(Ethylenediaminetetraacetic atilshsed antclumping buffer.

HL-60 were purchased as a frozen stakopean Collectionf Authenticated Cell Cultures
(ECACC 98070106) and kept in liquid nitrogen in the presence of the cryoprotectant Dimethyl
sulfoxide (DMSO)(typically 10% DMSO and 90% Fetal Bovine Serurje cells were

revived by quickly thawing therim a water batlat 37°C and immediately adding them to 4

ml of RPMI media witi20% Fetal Bovine Serum (FB)mM Glutamine (Glnjand Penicillin

100 units/mlStreptomycin 100 pg/ml (Sigma). Penicillin and streptomycin are added to
prevent bacterial infections, the coiméition acts against both grgpositive and gram
negative bacteriadCentrifuging at 100 g for 4 mins was sufficient to visibly pellet the cells,

they were then resuspended in 10 ml fresh media in a culture flask. Resuspension is necessary
to remove DMSO, wich is damaging to cells at high concentration and can cause

differentiation. Aseptic technique was used for all cell culturing to prevent contamination.

The cells were then splitevery®dayst o ensure the cell co®ncentr e
GO /& & After 2 passages after revival, RPMI media with 10% FBS, 2 mMa@rPenicillin
100 units/miStreptomycin 100 pug/ml (Sigma) was used for continued cultu@mge cell
passage number exceeded 50 the cells were disposed of and replacedravitm aiél of

lower passage.

3.6.2 Colorectal Cancer Cell Lines

The SW480, SW620 and HT2Z®lorectal cancec e | | |l i nes were provi de
University Hospital and cultured i n-12Dul becc
Glibco) supplemented with 10% Fetaovine Serum (Sigma), 2 mM Glutamax (Thermo

Fisher Scientific) and Penicillin 200 units/ml Streptomycin 100 pg/ml (Sigma). All three are
adherent cell lineand were subcultured when reaching80% confluencywhich occurred

every 34 days.Thiswasabi eved by washing with Dul beccod

(DPBS), before detadment by applying TrypLE dissociation reageithermo Fisher
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Scientific)and incubating for 5 min®©ne fifth of the resulting suspension was then diluted in

growth media, anttansferred to a new flask.

3.6.3 MCF-7

MCF-7 are an adherent breast cancer cell line, they were obtained from EEA@{pean
Collection of Authenticated Cell Culturess frozen stock, and subsequently cultured in
DMEM (Sigma) with 10% FBS (SigmaR0 mM GlutaMAX (Sigma)and Penicillin 100
units/ml Streptomycin 100 pg/ml (Sigmajhe cells were subcultured every 3lays. This

was achieved by washing with Dulbeccobs phospha

detached by applying TrypLE dissodiat reagent. One fifth of the resulting cell suspension
was then diluted in growth media, then transferred to a new flask.

3.6.4 HEK-293 T-REx and Piezol -REx

lon channels are cell membrane proteins which under certain stimuli form pores which allow
ions to pas through the channel. One such stimuli is mechanical deformation.
Mechanosensitive ion channels (MSCs) will activate when the membrane deforms under
stress, due to changes in membrane tension or curvature. An example of a MSCs protein is
Piezol. Resultsection7.2discussesvhether Piezol can be activated in HEK292 cells using
sheardominant deformation in a cres#ot microfluidic device. Here, weoger the culturing

of HEK293 with and without Piezol expression, how Piezol can be activated, and how

fluorescence measurements can be used to detect Piezol activation.
Culturing HEK293T-REx and Piezol-RExCells

To test the activation of the MSC Piezadip cell lines were used; control HEK293RIEXx

and Piezol IREx. HEK293 is an adherent human embryonic kidney cell aR&X cell lines

stably express the tetracycline repressor protein (TetR). Here, expression of Piezol can be
turned on or off by usindhe antibiotictetracycling[185].

HEK293 T-REx and Piezol -REx were provided by the Faculty of Biological Sciences at

the University of Leedas froze stocls, and subsequently cultured in DMEM (Sigma) with

10% FBS (Sigma), 20 mM GlutaMAX (Sigma) aRdnicillin 100 units/ml Streptomycin 100

pg/ml (Sigma) The cells were subcultured everyd 3ays once cells had reach -BD%
confluency This was achiee by washing with Dulbeccods
(DPBS), before being detached by applying TrypLE dissociation reddEii293 T-REx
required a 1:9 dilution and Piezo1REx required a 1:5 dilutionPassage numbers for both

cells lines were kept balv 20, as Piezol response is known to decrease for higher passage

numbers.
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The antibiotic blasticidin was added to both cell lines whilsuiture (5 pg/ml) As both cell

lines contain a plasmid (pc/DNA6/TR®) which encodes TetR, they should have Hiastici
resistance. Adding blasticidin ensures any cells that are not resistant to TetR will die. The
antiobiotic zeocin is also added to the PiezeRBx cell line (400 pg/ml). Only cells resistant

to zeocin should express Piezol. These cells express petator (Tet@) sequences which

serve as binding sites for two TetR proteins. These repress Piezol transcription, addition of
tetracycline induces transcription (activation) of Piezol by binding to the TetR proteins
instead and preventing the Tetl@om binding[186].

Activating Piezol

Before cells were deformed microfluidicallyoth cell lines were incubated with tetracycline
for 24 hr at a final concentration of 0.1 pg/fhis shouldactivate Piezo&xpression only in
the Piezol TRex cell line. Next, the cells were loaded with the fluorescent dye Rura
acetoxymethyl ester (Fa2AM). Fura2AM is used to measure cellular calcium

concentrations using fluorescence intensitycdn initially cross the cell membrane, once

inside removal of the acetoxymethyl @Ooups

which can no longecross back out through the cell membrane. Cells were resuspended in a
mix of the buffer SBS (Standard Barths Solution) with 1:10 of 10% pluronic acid in DMSO
(acting as a dispersing agent) and 2 uM of FubdR Cells were incubated at 37 in this

mix for 1 hr. The mix was then removed and replaced with SBS Hoff80 minutes at room

(o)

temperature in a dark room, this allowedthe f or est er.asebds to cl eav

Cells were then detached into a single cell suspensiorpr@gously described), and
resuspendeth either SBS or SBS with 0.5% methyl cellulose at a final cell concentration of

L P IO 'Q TG SBS contains calcium, if Piezol is activated calcium can pass through the
ion channels into the cell. FuBaemits at two wavelengths, unbmlFural emits at 380 nm

and Fura2 bound to calcium emits at 340 nm. Both excitation wavelengths have an emission
of 510 nm. When Piezol is activated and calcium enters the cell the emission at 340 nm
increases and the emission at 380 nm decreasesfdreethe fluorescence ratio can be used

to study Piezol activation.
Microfluidic Deformation andFluorescence Measurements

HEK293 T-REx and Piezol -REx which had been successfully incubated with tetracycline
for 24hr and loaded with the calcium indicakara2, were then deformed microfluidically

to study Piezol activation by mechanical str€sdls were deformed at the SP of a crelesd
microfluidic device at a range of flow rates. After deformation, samples were collected and

the fluorescence interigiwas measured using a plate reg@pectraMa® M2), 3 wells of
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each flow condition were measured in a 96 well pl@@star 96 clear U bottormith 100 pl

of sample in each well (~ 50,000 cells per well). Fluorescence was measured at Lm1=340/520
nm (excitation/emission) and Lm2= 380/520 nm. The ratio Lm1/Lm2 was used to quantify if
deformation lead to an increase in F@rainding to calcium, which is indicative of Piezol

activation.

3.6.5 Concentration and Viability Measurements

The concentratioof single cell suspensions was counted using a haemocytometer. This is a
specialised counting chamber of known volume. An engraved grid on the surface of the
counting chamber allows the number of cells in a defined volume to be caDafednation
Cytometry expéments were performed using concentrations por ¢ Jp Tt 'Q &0
(Section3.3).

Cell viability was measured using Trypan b{ibermo Fisher Scientific)n a vieble cell, the
dye is unable to pass through the membrane and is not absorbed. However, in a dead cell
where the membrane is compromised the dye is absorbed into the cell. Therefore, dead cells
appear blue under a microscope and alive cells do not. Lileearel excluded from staining
and this is known as a dye exclusion method. Viability is quantified using eq(@&#nrAll
samples used throughout the thesis had viabilibyv b

0,0 @ 0RO o ‘A & i

PO QIORR A —— e T
v ww@mauoawﬂlﬁsammq%ﬁn (34)

An Alamar Blue assay was also used for cell viability measuremidatdthy living cells
maintain a reducingtate within their cytosol. Ther educi ng potenti al o
alamarBlu® reagent(BIO-RAD) into adetectable fluorescent (or absorbent) prodiibe

blue indicator dyeResazurinis irreversibly reduced to the pink coloured and highly red
fluorescent resorufinMetabolic reduction is indicative of cell death, thus fluorescence is

proportional to the mraber of living cells.

For the assay, cells were seeded at a density of telle/ml in phenol red free media and
then seeded in a 96 well plate with 100 pl per well, 10 ul of alamarBlue reagent was added
and incubatedfor 1 hr. Fluorescence measurememtsre taken using a plate reader

(SpectraMa® M2) with excitation at 560 nm and emission at 590 nm.

3.7 QD uptake in Cells
3.7.1 Quantum Dots

Quantum dots had a Cadmium telluride (CdTe) core and a Cadmium Sulfide (CdS) shell, these

were provided by Abiral Tamang (Ursity of Leeds) and were ~5 nm in size.
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3.7.2 Microfluidic Uptake Protocol

Cells were detached into a single cell suspension, their suspension buffer was either DMEM
media of PBS with 0.5% methyl cellulose. Quantum dots were added to the cells to achieve a
final QD concentration of 100 nM. The sample was separated into two, the first half was set
aside as a control to observe QD uptake in cells purely from incubation and via endocytosis.
The second half of the sample was loaded into a 1 ml glass syringedanrpddformation

cytometry, as described in secti®:3.

Cells were deformed at a range of flow rates and collected in Eppendorfs. After cell
deformation, all samples were incubated for ~20 mins. Deformation caused pores to form in
the cell membrane, this incubation time allowed time for the QDs to get insidelth via a
nonendocytic route. Cells were then centrifuged at 100 G for 5 mins, the supernatant was
removed and replaced with PBS. This process was repeated once more with PBS and a final
time to resuspend cells in DMEM. The washing steps were torenaay free QDs in the
solution were removed, only QDs inside the cells should remain afterwards. Samples were

then imaged using confocal fluorescence microscopy as described in 8et#bn

3.7.3 Analysis of QD uptake

Matlab was used to analyse confocal fluorescence images of cells containing QDs. Images

were taken using a D0objective, and each fluoreant image was accompanied by a bright
field i mage. The matl ab function Aimfindcir
automatically detects circular objects in an image. The circles detected from the BF image

were then overlayed onto the FL imagkhis allowed single cell measurement of the
fluorescence intensity of each single cell in the image. For each flow condition, images of
N>1000 cells were used to quantify the fluorescence due to QD uptake. Average fluorescent

intensity of different celsamples \ere then compared to each other.
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4 Cell deformation in shear and inertial flows

This chaper contains the optimisation ofossslot devices for measuring cell deformation at
the stagnation pointSP) of an extensional flow junctigrand the characterisation of the
deformability of HL6C0cells under different flow conditions. Cell deformability was measured
as a function of flow rate using two distinct flow regimes, a sbearinant regimand an
inertizdominant regime Additionally, cell deformation and recovery were tracked as a
function of time in order to extract multiple distinguishing parameters including an elastic
modulus. This also allowed further investigation into the use of bulk averaging compared to

single cell analysis (SCA) for measuring the mechanical properties of heteongesamples.

The deformability assays described in this chapter were subsequently used to probe cells
treated with drugs to alter theoytoskeletal structure (chapté&), and to investigate

mechanical changes during colorectal cancer progression (cBapter

4.1 Crossslot optimisation

4.1.1 Tracking parttles in flow

The crossslot microfluidic devices were first tested using suspensions containing 15 pm
polystyrene microspheregtiermo Fisher the beads were sumpded in PBS with 0.5%
methyl cellulose resulting in a shedmminant flow regime (with a vi®sity of* e o @ 0.
Figure4.1la showsa superimposed bright field image of a bead passing through the device at
a flow rate of 50 ul/min, a frame rate of 42,000 fps was used with an exposure tii& of ~

us. The bead showedo deformation and was used as a control to compare to deformable
objects (i.e. cells). HL60 (human leukaemia) cells were next deformed under the same flow
conditions,Figure 4.1 is a superimposed bright field image of a cell passing through the
device. The image shows that the cells undergo a maximum deformation at the SP of the

extensional flow.

The deformation index DIOI=H/W, equation(3.1)) was used to characterise deformability

of the beads and HL60 cells at the ERjure4.1c showshistograms of th®I of 205 beads

and 2653 cells. Results showed a sharp peBk=it for the beads (shown in blue), with the
average bein® @ p8rt 1 This confirmed the monodispersity of the sample and that they are
an undeformable solid, this also confirmed that the high speed camera settings were
satisfactory and no motion blur distorted the images which would lead to a skewed
measurement ddl. TheDI of HL60 cells showed a normal distribution (shown in red), which
was fitted with a Lognormal function with a peakalue of®  ¢® ¢ T8t pand a FWHM of

0O T 1 & 8This demonstrates that the majority of cells deform under these flow
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conditions and alsshows the heterogeneity of cells resulting in a range of deformability (from
DI=1-4.5).

(a) (c) Il Beads N=205
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Figure 4.1 Comparison of the trajectory of a cell in a creddet microfluidic device compared to a
polystyrenébead.(a) Bright field superimposed image of a ~15 um diameter bead passing ttraigh
extensional flow junctianThe flow rate was 50 ul/min and the beads were suspended in PBS with 0.5%
(w/v) meh y | cel | ul os erightfiz& Bnage of B HE0 ce(l m3singthrough a device with
identical geometry and flow conditiong&) A histogram of the DI of N=2653 HL60 cells deformed at

0 v 1t W "Qfshown in red), the data is fitted with a Lognormal function. As a comparison a

histogram of N=205 &ads is overlayed (shown in blue), with the same bin size as the cell data.

The applied stress leading to deformation at the SP was proportional to the linear velocity of
particles undeflow (equation2.24). Thevolumetric flow ratein m¥/s can be converted to

linear velocityin m/s by dividing bythe device channel dimensions, where the linear velocity

will be a constant value in the inletcaoutlet channels (whene 0 ) with the

velocity dropping to ~0 at the SP. The linear velocity of the beads and cells was measured and

compared to the theoretical values.

COMSOL Multiphysics was used to model flow in the inlet ef@rat a range of flow rates

(5 pl/min to 80 ul/min) details of the model can ieund intheappendixFigure4.2a shows

the velocity magnitude through the channel cisestion in the yz plane, for a volumetric
flow rate of 5ul/min where red is the highest velocity and blue the lowest velocity. Thigssho
that flow isfastest at the channel centre and O at the channel Wagige 4.2b shows the
velocity profile in the xy plane of the extensional flgwnction, including the stagnation point
where the velocity is Chevelocity profile across the migection of the channel is plotted in
Figure4.2c for a range of volumetric flow rates, showing a characteristic parabolic profile.
From this, the maximum velocity  at the channel centend the average velocity in

the channel were plotted as a function of volumetric flow rate (ul/rRigu¢e4.3). The linear

velocity was found for beads and HL60 over the same range of flow rates, using particle
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tracking of highspeed videos (described section3.4). Figure 4.3, compares thdinear
velocity of beads and HL60 to theoretical values as a function of floywveikeeach dataset
showing the expected linear relationsfap haveY 1o w Results show tt the velocity

of HL60 cells as a function of flow rate is the same as the average flow velocity found using
simulations. This shows that not all cells pass through the centre of the channel, hence why
0 0 . ForQ>20 pl/min, the polystyrenednds travelled faster than HL60 and .

This may be because the beads are much stifferdafmrmable) and will be more focused

toward the channel centre, increasing their average velocity.
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Figure 4.2 COMSOL simulations of flow in a craeskt microfluidic device(a) Ay-z crosssection of

a micrdluidic channel of width 35 prand height 25um showing the velocity magnitude when flow
through the chamel is at a rate of 5 pl/min. (b) Ankcrosssection otthe extensional flow junction
showing the velocity magnitude when flow through ithet and outlet channels and around the
stagnation point. (cThe parabolic velocity profile through the middle of the channel in the y direction.

Showingmaximum velocity at the centre which decreases to 0 at the channel walls.
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Figure 4.3 The velocity (m/s) as a function of flow rate (ul/min) of polystyrene beads and HL60 cells
travelling through a rectangular channédrhis is compared to simulations used to calculate the fluid
velocity in the channel, including the maximum velocity dinercentre and the average velocity across

the channel in the-girection.

4.1.2 Varying Flow Rate

Deformability as a function of flow rate was investigated using HL60 cells and 15 pm
polystyrene beads. Both were suspended in PBS with 0.5% methyl cellulesed@@minant

‘ e o @y Vandtheflowraterangewas 0 (1t # "Q&Figure4.4 shows density scatter
plots of DI as a function of initial diameter 279<n<2653HL60 cells deformeat different

flow rates, where red represents the highest density area and dark bhwecittedensity area.

The plots also include tHel of 55<n<507 beadas a function of initial diameter, shown in
magenta. The mean averdgeof cells and beads are marked by dashed lines. Results show

that theDI of cells increases with flow rate whereas EHeof the rigid beads does not.

Figure4.5 shows a graph of average 'O "Y'f cells and beads as a fumctiof flow rate.
This shows that HL60 deformation increases with flowatie the trend showinbpgarithmic
growth. Do due their inverse relation, this trecah be fitted with an exponentidecay
function(w 0Q w)showninredth'Y  1®0 wTheDl of beads does not increase
with flow rates and is ~1 for all flow rates, this dataset is fittét @ linear fit with a fixed

gradient of O resulting ity  T®o p
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Figure 4.4 Density scatter plots of DI as a function of initial diameter of HL60 cells deformed at various

flow rateswhilst suspended in PBS with 0.5% (w/v) methyl cellulose. Where red shows the most densely

populated areas and dark blur the least populated, a dashed line is used to show the average DI. As a

comparison the DI as a function of initial diameter of ~15x eads is shown in magenta. Thedsea

were passed through thdevice under the same flow condition, the average DI of the beads is also
shown with a dashed line. For (a) Q=5 pl/min, (b) Q=20 ul/min, (c) Q=50 pl/min and (d) Q=80 pl/min.
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Figure 4.5: A plot of the average DI+SE of HL60 cells deformed over a range of flow rates in a shear

dominant flow regime (e o @v 08This is fitted with an exponentidécay function, shown in red. As

a comparison thaverageDI+SE of polystyrene beads is shown, this has a linear fit (shown in black).
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4.1.3 Varying Velocity Threshold

Cells passing through a cresi®t microfluidic device experience a different applied stress
dependant on their initial position as they traeethe inlet before entering the extensional
flow junction. An ideal cell would travel at a velocityn:) centrally through the inlet before
entering the junction and decelerating to a velocity of 0 at the SP, before accelerating into the
outlet chanel andreturning to its initial velocity \fne=Voute). HoOwever, many cells are not
central in the channel when entering the extensional flow junction and therefore do not pass
through the SP. Here, the closer their proximity to the SP the bigger the velocity drop and the
larger the applied stress on thel.c€ells must be selected which undergo the same applied
stress, in order to compangeasurements madetween samples. This can be achieved by

looking at the velocity profile of each cell traversing the extensional flow junction.
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Figure 4.6 Thevelocity profile of a HL60 cell as it passes through the extensional flow junction of a
crossslot microfluidic device wherethe volumetric flow rate was 5 pl/min. The cells inlet velocity,
before it reaches the #nsional flow junction, is marked with a dashed line whgege=0.127 m/s. The

cells minimum velocity where it is closest to the SP is marked with a dashed line k€807 m/s.

Figure4.6 showsan example velocity profile of a cell travelling through the extensional flow
junction at 5 pl/min, a sine function is fitted (shown in rédje initial velocity of the cell is

V] T ¢ & 11, which drops to a minimum velocity of T3t 1 X 71 when the cell

is closest to the SP. The velocity thresh¥ldis definedby equation4.1, whereY0 p
represents cells which decelerate to a velocity of 0 at the SFlandr represents a cell
which undergoes no deceleratian (0

) — 4.1
YO 5
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As YU is proportional to applied stress, cells deformed at hijydedeform more andl
increasesFigure4.7 showsan example dataset of the aver&® "Y'Gs a function o¥,

where only cells deformed withy greater than this threshold were used for each average.
The dataset is fitted with a desesponse function (shown in red). For a thresholbiof

T® Tthe average i® 'O p® o T8t (AsYU is increased further there is a step increas in
which plateas at a value~1.41 (found from the fit), which is significantly larger than
thresholds oY0 T mand outside the range of error. For threshditis & the error
begins to significantly increase due to the reduction of cell deformation events included
towards the average, without a significant change to the av&ragk threshold ofY0

¥ was found to be sufficient for distinguishing cells deformed at or near to the SP which
undergo the same applied stress. Evan thrdtighre 4.7 shows the plateau region was
reached a¥0 m® vadding a 10% increase ¥ T8 wensured measurdd was within

the plateau region across multiple dataseigure 4.7b shows a scatter graph &I as a
function of Y0 for the same dataset, which also demonstrates the general incrédsasia
function ofY0. In this example, the total number of cells was N=433, with a velocity threshold
of YO 1 uthe sample size was reduced to N=77 cells (~20%). Only 11 cell¥thad

18y which would only leave ~2.5% of the total number of events.

Throughout the thesis thBl index of different cell samples was measured across flow
conditions, unless stated otherwise a velocity thresholdbof 1§ vwas used to find the
averageDl| to ensure measurement of the average deformability of cells undpthbeisame

applied stress.
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Figure 4.7 (a) The average DI+SE of HL60 deformed at 40 pl/min in 0.24% methyl cellulose buffer, as

of

Wlien rp threshbld isaphiedl thelaverage DI was taken of the entire dataset

ogAt he

a function

N=433,when using a velocity threshold
scatter graphthe Dl oftheHL 6 0 cel | s as a

v increases. The threshold chosen

f unct istepiincreakeimias The

4.1.4 Varying Channel Dimensions

as

@v>0.75,

The channel dimensions of the microfluidic device were varied in order to investigate the

effect on cell deformation. Thiwas done by changing the heighof the channels and the

width W of the inlet and outlet channelsigure4.8 showsthe four device geometrigéssted

and includes bright field imagef a cell before deformation (in the inlet) and deforming at

the SP. The device shown Bigure4.8a has the smallest channel dimensions, whier25

pum andW=35 um The three other devices hamMe35 pmand increasingly wider channel

widths, the widest being/=65 pm(Figure4.8d).

Images for each geometry were taken at flow rate corresponding to deformations occurring at

0"® 00 and a sheadominant flow regime was used ¢ o @ 0. The images show that
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as the channel dimensions become more comparable to the size of the cell, there is some

def ormation seen in the i nl ets hcahpaendnoe |i nasntde aade lolf
circular. This is the same deformation described by @ital. (2015) and is due to shear

viscous forces acting due to proximity to the channel {88l]. Previous works have shown

that deforming cells multiple times can lead to a change in cell dability [187]. Varying

channel dimensions allowed investigation into whether any stessses due to confinement

may change the measured deformability at the SP.

(a) 35 x25 um

(b) 35 x 35 um

Figure 4.8 Bright field images of HL60 cells deforming@t@ ‘OO in a sheardominant flow regime

(‘ e o @y 08Cells were deformed in different channel geometries with a given width W and height H,
where(a) had W=35 um and H=25 pm, (b) had W=35 pm and H=35 um, (c) had W=50 um and H=35
pm and (d) had W=65 pm and H=35 pm. Scale bars are 20 pm.

HL60 cells were deformed over a range of flow rates in a skaamant flow regime’(

o a» 0, this was repeatkeusing the four device dimensions describedFigure 4.8. Figure

4.9a shows a plot of the averageof HL60 as a function of flow rate for the different datasets,
which are fitted with an exponential function. To more accurately compare deformability, the
data was plotted as a function of flow velocity as opposed to flow(FFagare4.9b). In the
sheafregime linear velocity is proportional to applisiless (equatioB.24), sothis allowed
comparison of cell deformability when applying the same stress in different channel
dimensions. Results show mostly no significant changes in measured deformability due to
device dimensions. No discernible change or trend could be seeegerghometries; (35 x

25) pm, (35 x 35) um and (50 x 35) um. The largest channel width Mgef5 um)showed
some increase Dl forv TG i .

The exponentiabecayfunction fitted to each dataset Figure 4.9 was used to find the
extrapolated valu® 'O gWhere the trend tends asymptotically towards a maximum value
‘00 gFigure4.10shows the values @ ‘O found for each channel geometry, the averaged
value is shown by a dashed line with 8tehighlighted in grey. This shows that all values of
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‘00 are withinerror of each other, and that channel geometry had no effect maximaum

cell deformation. Overall, results show that no trend can be seen between increasing channel

dimensions and changes in measubédt a set applied stress. This suggests thatratisi

viscous stresses due to channel confinement do not alter the mechanical properties in a way

that measure®| at theSPis affected.

(a)
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Figure 4.9 HL60 cells were deformed in endfluidic crossslot devices at range of flow rate. The

flow regime was sheat 0 mi n a n tP) gndddedcd dimensions are labels channel width W by

channel height H (W x Hm). (a) A plot of the average DI+SE of HL60 cells as a function of flow rate

in different device geometries. (b) A plot of the average DI+SE of HL60 cells as a function of flow

velocity in different device geometries.
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Figure 4.10 A plot of DhaSE of HL60 cells deformed in microfluidic creddet devices with different
channel dimensiong.he dashed line shows the average of the four values, with the SE of the average

highlighted in grey. This stws all values of Qlaxare within error of each other.

Section4.1.3described the use of a velocity threshold/df T8 o discard events which

do not deform aor near the SP. This thresholding was used for determining the valDés of

in Figure4.9 as a function of flow ratarigure4.11 shows bar graphs of the percentage of
events colleted which hadYd 18 vas a function of flow rate for the four geometries.
Figure4.11a shows that using the smallest channel dimensions (35 x 25) juitinges 4G

70% of the collected events being included in the calculat&d. &for Q>40 pl/min,>60%

of events were above the velodityeshold Figure4.11b showghat increased channel height
from 25 um to 35 um resulting in <50% of events being above the velocity threshold for all
flow rates. Here, 380% of collected events were included in tt&lculation of DI.
Subsequent increases in channel width also led to a general reduction in the % of cells included
in calculation oDI. Figure4.11 shows that for the largest channel dimensi@&sx 25) um

<50% of events were above the velocity threshold for all flow rates. ParticulariQ<&®

pl/min less than 20% of values were above the velocity threshold.

In summary, results showed that even if cells experience an increased-giseauforce due

to channel confinement, there is no change to measured deformability at the SP when the same
stress isapplied.Figure4.11 showedthat by reducing the channel height and width a higher
percentage of cells passing through the device are above the velocity thr&#sholde v.

This is expected as increased chargwifinement will increase wall effects on the cells.
Therefore, by using the geomef36 x 25) uman increased measurement throughput can be
achieved. Unless stated otherwise, this is the geometry used for subsequent deformation

cytometry experiments ithis thesis.
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Figure4.11 Bar graphs showing the percentage number of cell event¥with i when HL60 cells
were deformed microfluidically at a range of flow ratés differentchannel dimension€ell events
with YO 18 vwere discarded and not used for calculating DI. This was calculatechfamnels of
(a) (35x25) um, (b) (35x35) um, (c) (50x25) um and (d) (65x25) um.

4.2 Cell deformation across flow regimes

4.2.1 Varying suspension buffer viscosity

HL60 cells were deformed in a cresi®t microfluidic device as the SP of an extensional flow
junction. Their deformability was measured using the deformation iDdexhen the cell is

at or near the SP. A range of stresses were applied to the cells bynghidnegcell velocity

and the viscosity of the buffer the cells were suspended in.

Figure4.12a showsDI as a function of flow rat€) for four viscosities of suspension buffer
which were; PBS (1 cP), PBS with 0.24% methyl cellulps@( T @ 0, PBS with 0.35%
methyl cellulosed @& T &0 and PBS with 0.5% methyl cellulose @ T® @ 0. A
rheometer was used to measure theogsies, this data can be fouimdthe appendix (Figure
S1). Here, the range of Q was4@0 pl/min for the lowest viscosity suspension buffer. At
higher viscosities the maximum Q was limitelge thack pressure in tlobannels increased
with viscosity whichlead to device failure (leakages or device delamination) at higher flow
rates. For each datas@®| increases asymptotically toward a maximal deformation value

Dlmax This value was found by fitting an exponenticayfunction to each dataset, each
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fitting had an'Y 1@ YFigure4.12b shows an image of cell deforming:d® "O for each
dataset, accompanied by a superimposed colour contour plot. This shows how deformation
varies as a function of time, going from bluees the cell approaches the extensional flow

junction to red where deformation occurs at the SP.

) (b)

2.8
24 DI__=235+0.06
DI__=2.19+0.06
_ = DI, =1.85+0.04
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Figure 4.12 DI as a function ofQ for HL60 cells in four differenduspension buffemwith viscosity
rangingfrom1to 33 cP.O "0 "Y'Qvas averaged from multiple cell events combined frer8 fépeats;
each data point includes 30 > n > 500 cell eveligachdata setis fitted with an exponentialecay
function (b) Images of a cell deformation for each flow condition wHeé@& OO . They are
accompanied by superimposed color contour plots that show havelttehapechanges as a function

of time.

Section2.5.3discussed howwo distinct flow regimes, shear and inertial, can be defined.
Where'Y' Q 1 mdefines the beginning of the inertial regiréis shows that the low viscosity
dataset (1 cP) occuirsthe inertial regime, whereas the other three datasets move increasingly
into the shear regime as viscosity is increabethe inertiadominant regime‘'( p & Ofthe
Reynolds number i¥ Q 1 1for 0 p g &G "Qéln the most sheatominant regime'

o & & Ufthe Reynolds number %'Q ¢ for the entire range of flow rates. Supporting video

1 shows examples of HL60 deforming in this regim®=a80 ul/min.Figure4.13 shows that

‘O"0 increased linearly as a function of suspension buffer viscosity. This indicates that as
the flow regime becomes more shear dominant, higher cell deformations can be achieved for
lower flow rates. AdditionallyFigure4.12b showsthat as flow regime becomes more shear
dominant the cell shape at maximal deformation changes from elliptical at low viscosity to

tearshaped at higher viscosities, the perimeter ofcdlechanges from convex to concave.
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The low Reynolds number and increasingly shganinant regime is indicative of the

observed change in shape.

2.4 4
2.2
_£20-
o
1.8
1.6 4
T T T T T T T T
0 10 20 30 40
Viscosity (cP)

Figure 4.13 A graph ofthe extrapolated value Rixassociated with the deformability of HL60 cells as
a function of flow rate for four different viscosities of suspension bufex varies linearly as a

function of viscosity.

4.2.2 Inertial Regime

Measurements ddl in the inertial regime (u= 1 cP) weratended to Q=600 pl/mirshown
byFigure4.14 As di scussed in the pr evDltendsdtosvadst i on,
a plateau valu®lmax For QO 4D0 iicredskd namiinearly until Q=600 pl/min. For
Q>600 pl/min the cells begin to rupture and visibly break apart at the extensional flow
junction, andDI could no longer be measurddgure4.14 includes example images of cells
deforming at the SP at different flow rates. The deformations at 50 pl/min and 300 pl/min are
both relatively low and show an ellipsoidal shape which is chaistiteof an inertia
dominant regime. Comparatively, the cell is highly strained at 600 pl/min and shows sharply
pointed ends. This is further indication of the change in trend seen for flow rates above and
belowd T TN Q&

The stress corresponding to a flow rate of 400 pl/min was thus defined yaslthstressof

the cell. Theyield stresds thought to be associated with the breakdown of the cells internal
structure (such as actin depolymerisation), leading to the suddelimear increase in
deformation at higher applied stresses. Supporting videbssi2ow examples of HL60
deforming at flow rates below thgeld stres§Q=200 pl/min),at theyield stres§Q=400
pl/min) and above thgield stresgQ=600 pl/min). The flowrate Q=600 pl/min was defined
as t h @ilue pointtwbich has an associated maximum strain of the cell before rupture,

called the critical deformation whebd+=2.84+0.27 Theassociatedield stressandfailure
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pointare suggestive dhe abilityof cells to recovery post deformation, and their subsequent

viability. These values may also be useful parameters for distinguishing between cell types.
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Figure4.14 The averag®I+SE d HL60 cells versu®, in an inertiakdominant flow regime (u4 cP).

DI was averagedrom multiple cell events combined from 3repeats; each data point includes 30 >
n > 500 cell events. ForQ4 0 0 Ol / mi wasfittedevithcia ex@osestintiecay functionto
extrapolatethe value Dhax, shown by the dashed lin&he entire dataset is fitted with a third order

polynomial function, shown by the black line.

4.2.3 Deformation as a function of force

Figure4.12 andFigure4.13 introduced four datasets of HL60 cells deformed over a range of
flow rates suspending in four different visa@s d suspension buffer. These results showed
that lower flow rates can be used to achieve higher strains when the regime is more shear
dominant (i.e. high viscosity and loRe). However, an inerti@ominant regime showed a
unique behaviour where higdirain deformations can be achieved above an assoygiatdd

stressof the cell.

The different mechanical responses of cells dependent on flow regime was further investigated
by plating DI as a function of force instead of flow rgdfggure4.15). The total force on the

cell (Fy) was calculated usingquations2.23 and 2.24 which sums the shear and inertial
contributions of forceFigure 4.15 shows that for thesame total forcelr, the cells were
generally more deformable in a shelmminant regime. As the regime becomes more shear
dominant the same force can be applied at lower flow rates, thus the magnitude of the force is
the same but the time over which #teess is applied increases (lower strain rate). Therefore,
the cells show a stiffening behaviour which means that if the same force is applied more
quickly the subsequent strain is lower. Cells are inherently viscoelastic and are known to

exhibit straingtiffening behaviour under certain conditiojigl7].
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However, this straistiffening is only observed for forces below the previously defineld
stressbehaviour seen in the inedilminant regime. Theield stresds equivalent t6O

™ ¢ ( below thisDI is greater in the sheaegime at the same applied force. For

™ P ( the DI begins to surpass that of the shear regime. This coincides with the sub

structural breakdown, leading to softening of the cells.
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Figure 4.15 TheDI of HL60 cels as a function of applied for¢gN), where O is the sum of the shear
force (O and inertial force 1O . The four datasets vary the viscosity of the cell suspension buffer,
ranging from 1 cP (where the inertial force dominaté®)(to 33 cP (where the shear force
dominatesO). DI wasaveraged from multiple cell events combined from N=3 repeats, eazlpdiat

includes 30 > n > 500 cell events.

4.3 Cell viability after deformation

4.3.1 Shear Regime
The viability of cells was measured palgformation at the SP of a creslst microfluidic
device. HL60 cells were deformed in a shdaminant flow regime (using@BS with 0.5%

w/v of methyl cellulosd’ o ab J over a range of flow rate3.

Samples were collected athip and a trypan blue viability assay was performed (described

in section3.6.5. Beforeperforming the assay, cells warentrifuged to a pellet at 100fgr 5

mins and resuspended in PBS. Each deformed sample was accompanied by a control sample,
which derived from theasme initial sampléut did not undergo any microfluidic deformation.
Controls were outside of the incubator for the same time period as deformed sardplest

through the sameentrifugation and resuspension steps. This was to ettty observed

viability dropwas due only to microfluidic deformations, and not due to stresses associated
with resuspending cells in a buffer of higher viscosity. Results are summarisighss.16,

which shows that there was no significant drop in viability associated with cell deformation
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in this regimeover the entire range of flow conditions. The viability remained >95% for the
rangeof flow rates, which encompass the flow rates used for measbDting the shear
dominant regime throughout the thesis.
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Figure 4.16 The viability of HL60 cells after being deformeddarip over a range of flow rates, where
the flow regime was shear dominantg o ab 0O8Here, the viability of the deformed sample is
normalised to a control sample which was not deformed to ensurehamges were only due to
microfluidic deformation. Results show that the viability did not drop significantly and was >95% for

the entire range of flow rates.

4.3.2 Inertial Regime

Cell viability was measured pedeformation at the SP of a creslst microfluidic device,
where HL60 cells were deformed in an inedi@minant flow regimequspended iRBS,

p & J over a range of flow raté3. Trypan blue viability assays were performed on samples
collected offchip. A control sample accompanied each deforsaahple, the control sample
derived from the same initial sample and was out of the incubator for the same time period
but was not deformed echip. Figure 4.17 shows that there was no significant change in
viability for 0 ¢ Tt {rofG "Chiwhere viabilityremained>90% for this rangeof flow rates
For0 @ 1 frofa "QhEthe viability dropped to <509 his substantial viability drop occurs
for flow rates above théailure pointwhere cell rupture was observed durmgcrofluidic
deformation.

Figure4.18a shows phase contrast images of HL60 cells collected after deformation at 600
pl/min and 800 pl/min and a sample which was not deformed. The control and 600 pl/min
sample show a similar rounded morphology, whereas the 800 pl/min sample shows a
significantreduction in rounded cells and an increase in cell debris, potentially from internal

components being released from ruptured cells. Further, any permanent shape change in cells
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postdeformation was measured from these images by calculation of the diycDlafusing
equatia (3.3 shownby Figure4.18b). A perfect circle ha® 11, and shapes which deviate
from a perfect circle hav® 1@ The control and 600 pl/min samples have relatively low
values oDcwith averagevalues®@ 1@ ¢ 18t gndO 1@ X 181 wlhe 800 pl/min
sample shows a geneiatrease in scatter &fc with a population remaining similar to the
control and a second population with 1@ corresponding to the increase in cell debris.
These results validate that for ¢ 1 TUEx "Qé& drop in viability is associated with -@hip

cell destruction leading to some cells not recovering their original shape.

Thefailure pointof HL60 cells 0 @ 't E)irepresents a limit below which live cells
could be mechanically phenotyped by-arp deformation and then collected for pdizin
further studies, such as chemical phenotyping via Raman spectr¢8fopgene sequencing.

Viability (%)

200 500 600 700 800

Flow Rate (ul/min)
Figure 4.17 The viability of HL60 cells aftemicrofluidic deformation at rangeof flow ratesQ (blue)
in the inertial regime (u=1 cR)compared to a control which was not deformed (r&the vability

assaywasperformed using Trypan blue dye exclusion method.
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Figure 4.18 Shapeanalysis of HL60 posteformation.(a) Phase contrast images of HL60 cells post
deformation in the inertial regime (u= 1 cP). Scale bar 40 um. (b) Density scatter plots of HL60 cell
shape using I as a function of diametecomparing cells which were hdeformed to those which

were deformed at 600 pl/min and 800 pl/min.

4.4 Tracking cell deformation and recovery

4.4.1 Single cell tracking in the shear regime

The onchip deformation and recovery of HL60 cells was tracked as cells passed through the
SP of anextensional flow junction. Here, cell shape was measusiéng strain O

w 'O w ,whereH is the height of the cell and is the width of the cell, introduced in
section3.4 by equation(3.2).

Figure4.19a shows the averadpf N=50 cells as a function of timdeformed at a i rate

of 5 pl/min in a shear dominant regime (u=33 cP). Adaslocity and sheadominant regime

was chosen for tracking deformation and recovery, as this allowed a reduced frame rate (7000
fps) and a maximized field of view for operation of the hégleel camera(discussed in
section3.4.2. Supporting video 5 shows examples of HL60 deforming under these conditions.
Thesign of the strain value describes the cell direction, which changes as the cell moves from
the inlet to the oilet as they are perpendicular to each other, whereas magnitude describes the

amount the cell is strained.

Figure4.1% shows a superimposed bright fieéhdage of a cell as it moves through the inlet
channel, deforms at the SP, and then recovers to its original shape in the outlet channel. The
straintrace inFigure4.19 shows that as cells traversed from the inlet to the SP there was an
increase iny; this was fitted with an exponent@gcayfunction with an associated deformation
timet . The straindcontinued to increase as the cell moved from the SP to the outlet, reaching

a maximum- i P T8t BAs the cells travelled through the outlet, the strain
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decreased exponentially with a relaxation timeThe initial strain (beforéhe cell entered
the extensional flow junction) was also found and compared to the final strainfound

by extrapolation of the exponential function fitted to the relaxation.
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Figure 4.19 (a) Strain,U , as a functi on 6l60celis, with,the standard&rgoe d o v er
shown in gray. Q was fixed at 5/plin, and the suspension medium viscosity was 3BrePexponential

fits shown in red were used to quantify the deformation and relaxation of the cells. (b) A superimposed
brightfield image of acellasitdefr ms and r el a B&cP)isshbwn.Bcal@ barspgiom  ( O &

The arrows indicate the diraon of cell motion.

Figure4.20 compares the average strain profile to the velocity profile of the cells. The velocity
profile can be approximated asiagde period of a sine wave, dgscussed in sectiohl1.3
which is fitted in red tdmigure 4.20a with'Y 180 wA cell is closest to the SP when the
velocity profile is at aninimum, occurring here #0e 18t ¢ b YO Figure4.20b shows that

the sineoscillating KelvinVoigt model (equatior2.13) canbe fitted to the strain trace, this
showvn in red andY 1o YThe sineoscillating KelvinVoigt model (discussed in section
2.3.4 wasequated to find the elastic modulus of HL60 tdbe T&® 11 18T 0 QD .()
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Figure 4.20 (a) The average velocity profile of N=50 HL60 cells as they pass through the SP of the
cross flowA sine function is fitted, shown in red. (b) The strain profile of the same 50 cells, the Kelvin

Voigt model was fitted, both shown in red. Q was 5 plamith viscosity was p=33 cP.

Multiple parameters were extracted from the average strain trace shdviguby4.19, these

are summarised iffable 4.1 However, cells are known to be heterogeneous and their
mechanical properties may change depending on their stage in the cell cycle. Bulk
measurements, using averaging, on heterogeneous samples often miss any subpopulations
within a large sample. Also, bumeasurements cannot make correlations between specific
parameters (e.g. whether larger cells have a larger maximum strain). Therefore, single cell
analysis (SCA) was also performed on the N=50 HL60 strain traces to elucidate any
advantages of SCA compal to bulk averaging. AppendigureS2 shows the raw data of

the N=50 HL60 strain traces.

Figure4.21 showsexample of four individual strain traces of HL60 cells, these were used to
perform sngle cell analysis. A Sativskgolay filter was applied to each strain trace, shown
by the black line of the trasethis was used to remove noise from the signal and to find a
more accurate value ef . An exponential decay function was fitted to the trace, from 5
data points after occurred until the last datapoint. The fit was used to extraahd-

for each cell. The initial strain of each cell was found by averaging the first 5 datapoints,

before the cell entered the extensional flow junction and strain began to increase. The initial
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diameterA of each cell was also found, by averading cell diameter for the first 5 datapoints

of each trace (before any deformation occurred).
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Figure 4.21 Examples of 4 strain traces of HL60 cells deforming in the extensional flow junction of a
microfluidic crossslot deviceSativskyGolay filtering was applied to the datasets (shown by the black
line) and used to find the maximum strain . An exponential function was fitted to the strain recovery

and using to find the relaxation tinfe and final strain-

Table4.1 Multiple characteristic parameterskgacted from the strain traces bf=50 cells.Including

the initial cel | di @ the finalrstraidy, tt the inmixti igathe  sttraii m
def or matg oinh e i mel @xdahe elastic modulus &. TWo analysis methods were used

and the resulting valuesvere compared: 1. the N=50 strain traces were averaged and values were

extractedii Aver aged &t alavhlues Wereasaparately found from individual traces and

then averaged with NSE, fASingle Cell Analysiso.
Averaged Strain Trace | Single CellAnalysis
A (um) n/a 12.3£0.2
G -0.012+0.004 -0.012+0.005
G 0.030+0.009 0.030+0.004
Chax 0.18+0.01 0.18+0.01
U(ms) 3.52+0.14 3.040.15
G (ms) 1.04+0.05 n/a
E (Pa) 301+29 n/a
The values for , - ,- andt using SCA were compared to those found from the

averaged strain trace, summarisediable 4.1This shows that the extracted values from both

methods are all within error of each other, apart fiorwhich was 1.16 times larger when
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calculated from the averaged strain trace compared to SCA. Four of the individual traces could
not be fitted sufficiently with an exponential, which may account for the small difference seen
int.

Figure4.22 shows histograms of the values found for 5 single cell parameters extracted from
the individual strain traces of HL60 cells. A normal distribution is seemor: ,- and

T, and these were fitted with a Gaussian function (shown in blackjr®itb Y T1@o1

The average using SCA has a magnitude of 0.012, likely due to some shear confinement
between the cell and the channel walls, this relatively stoatipared to which is~15

times smaller than . An elastic material would recover fully after stress is removed and
have- -, however HL60 are shown to have a final strain of 0.030 which is more than
double the initial strain. The fact the cells do not fully recover suggests either a viscoelastic
effect where subsequent relaxations occur over timescales not within our fredd/pbr that

the applied stress results in a permanent strain due to cell plasticity. Additionally, the
histogram shown blfigure4.22e may offer more inght into shape recovery. Unlike tbéher
parameters; does not show a normal distribution and cannot be fitted with a Gaussian.
Here, the majority of values fall in thed002 range, which is the same for thehistogram
(Figured.22b). Figure4.22e suggests smaller populations of cells do not recover and undergo

some permanent strain.

These results show the potential advantages of using SCA analysis for elucidating the
mechanical response of cells to applied force. Histograms of the single celit®allow
visualisation of the sample heterogeneity and whether the parameters follow a normal
distribution, information not provided by bulk analysis. For example, (a) to (d) follow a normal
distribution which would allow extraction of the Gaussiankpesue, standard deviation and
coefficient of variation §@ w "Y'@ ‘Q ¢).€ Further, increased sample sizes may allow
identification of smaller supopulations with differing mechanical properties, inferring even

more information.
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Figure 4.22 Histograms of the single cell parameters extracted from strain traces of N=50 HL60 cells

deformed in the sheafominant regime‘( o ab 0 at a flow rate of 5 pl/min. Fitted Gaussian
functions are shown in blackVhere (a) shows the initial diameter A, (b) the initial strains(c) the

maximum strain  , (d) the relaxation timé& and (e) the final strain .

4.4.2 High strain recovery in the shear regime

The previous section discussed the deformation @&cdvery of HL60 in a crosslot
microfluidic device, in a lowvelocity (5 pl/min) and high viscosity (33 cP) flow regime. This
resulted in generally low maximum strains being applied to the eells € T® & Q@

p® p. Figure4.12 andFigure4.14 showed that the trend in mechanical response can change
between a lowstrain and higkstrain regimeTo elucidate thisthe recovery of HL60 cells
deformed in a higistrain regime was also sied. Here, a higher flow rate of 150 pl/min was
used in a suspension buffer viscosity & o av 0 This required capturing videos at a frame
rate of 150,000 fps at a resolution of 320 x 192 pixels. This field of view was not enough for
capturing both defrmation and recovery. Therefore, instead of acquiring single cell strain
traces, bulk measurements of deformation index were measured at different positions in the

crossslot device.
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Figure 4.23 Schematic and bright field images of cell recovery after deformation at the SP of a cross
slot device(a) A schematic showing the different positions attvitiie DI of cells was measurédhis
includes the inlet (before deformation), the stagnationt®P (where maximum stress is applied due

to extensional flow), and various positions along the outlet (to track recovery) which were labelled
positions 118. The maximum distance down the outlet where the cells DI was measured (P18) was

~2500 um from ta SP.(b) Example bright field images of cells at the different positions, where the

flow rate was 150 pl/min and the flow regime was sfbar mi nant ( 0&433 cP). Scal e

Figure4.23a shows a schematwhich highlights the various positions that deformation was
measured owghip, including the inlet (before deformation), at the SP, and various positions
down the outlet. The outlet had equally spaced positions labelled nurtiBemhich were a
design €ature to allow capture @l at known distances from the SHgure 4.23b shows
example images of cells captured at the different positions. At thecellstunderwent a
relatively small bulletike deformation due to confinement, at the SP the cells experienced a
high-strain and became tedrop shaped, and through the outlet the amount of strain decreases
with distance from the SP. TH2l of 100s1000sof cells was measured at each of these
positions, the averaged valuel@if as a functiorof position are shown iRigure4.24. Here,

no velocity thresholding was applied and all cells which passed through the device were
included in the final averages. This was because thresholding could not be appliedXtb bulk
measirements collected after the SP, as this requires simgjlevelocity profiles in the

extensional flow junction.

Results show that the initial deformation in the inlet (before the cell enters the extensional
flow junction) wasO"O p& 1 181 ¢and the maxnum deformation at the SP w&'O

¢® 1 18U YThe recovery of the cell as it moves through the outlet (positidi®3 Was fitted

with an exponential function (shown in red), the full distance which was tracked was ~2556
pm. From the fit, the final deforation index was extractédO p#&® o 18t ¢ If the cell
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shape recovered fullthenO'0O 'O "OHere,0'0 'O "'Csuggesting some permanent strain

due to the applied stress at the SP.

Low-strain and higfstrain recovery both showed a permanent strainaltheetapplied stress
(Figure 4.20 and Figure 4.24). This allowed comparison of the change in initial and final
strains after lowstrain recovery and higstrain recoveryThe strain changeas defined by
normalising the change between finatlanitial strain by the maximum strai: S S

s s¥- . After low-strain recovery the strain change Was 1@ 1t T8t v and after
high-strain recovery it wa¥% 1@ 1 T8t p These values are within error of each other
suggesting that applying both loand highstrains to cells in the shedominant regime
results in a characteristic strain change representative of plasticity after deformagon.
histogram of values after lowstrain recoveryKigure4.22e) showedthat most cells recover
back to their initial strain with a smaller population not recovering, resulting in an average
value with- - . This highlights the importance of singtell analysis vs bulk averaging,
as averaging suggests all cells do not recdvds was investigated after higitrain recovery
by plotting histograms oDl at various positions to see if recovery followed a ndrma
distribution.

InletSP 1 2 3 4 5 7 9 12 15 18
R R TRk T P R N PRI | T T ¥ T v T

2.0 1

1.8

DI

1.6

1.4 4 DI

1.2 | N S 36 B2 AT TR N TR 4 T ' T Y T
Inlet SP 142 284 426 568 710 994 1278 1704 2130 2556
Position (um)
Figure 4.24 The DI+SE of HL60 cells as a function of position in a cles device * e o @ 0,
averaged from multiple cell events combined from N=3 repeats; Where the flow rat®&@yalmin

and flow was sheadominant

Figure4.25 shows histograms of tH@l of HL60 cells deformed at different positions in the
device. Each datasetas expected to show aormal distribution and was fitted with a
Gaussian function, which allowed calculation of the position at the centre of thé padk
the full width at half maximunfFWHM) w. Figure4.25 (a) shows th®I at the inlet position,
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(b) the SP, (c) positionl and (d) at position A& each position, the experiment was repeated
three times and each dataset is sholwre FWHM of the curves fiéd to the inlet datasets
(Figure4.25a) isb T& o0 T&1 pComparatively, atthe SP & 1 18t avhich is a ~3.5

fold increase. This is expected as cells are inherently heterogeneous, and have different
deformabilityés depending on their initial
from the SP into the inlet channél, & p 78t usuggeting the cells are near to full

recovery.

Figure4.25b shows that for two of the repeats there was a smaller p&aklas well as the

larger peak abDI>1.5.This could be due to the fact that no velocity threshold was used here,

and this peak could represent cells which did not pass near to the SP and thus did not deform.

It could also suggest a small population of cells were less deformable. For exapopletic

cells are known to be less deformable and therefore these could be cells in early stages of
apoptosig188], [189] Finally, all the values dfhe peak centrds shown inFigure4.25 are

less than the averag@&l values shown iifrigure4.24. The reason for this is apparent in the
histograms. Even though a Gaussian function is fitted, many of the datasets show a log hormal
distribution. Thus, even though the majority of &Il 6csur atb, the skew to the right of b

shows more than 50% of cells deform widk>b, which leads to an increase in the mean

average.

96

S

Z e



Figure 4.25 Histograms of the DI of HL60 cells at various positions in a egdasmicrofluidic device

which were deformed in a shedominant regime‘(e ¢ @o 0 at 150 pl/min, each dataset shows a
normal distribution and is fitted with a Gaussian function, where b is the position at the centre of the
Gaussian peak and w is the fwildth at half maximuntor each position, the experiment was repeated
three times, where (a) is the DI at the inlet position, (b) the SP, (c) at position 1 which was ~140 um
into the outlet channel and (d) at position 18 which was ~2500 um into the chatatel.

4.4.3 High strain recovery in the inertial regime

The recovery of HL60 cells has been discussed aftestoain and higkstrain deformations
in a sheaxdominant regimeFigure4.15 showed that higistrains can also be achieved in an
inerti:z]dominant regime, and that this regime seems to slielal stresdehaviour (not seen
in the shearegime). This may indicate that tsldeformed to higistrains in an inertia
dominant regime are less likely to recover their original shape compared to-alaimaaant
regime.
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