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Abstract

Mechanical forces regulate many cell functions such as differentiation
and proliferation. Existing traction force methodology is often limited to
measurements in the two-dimensional plane. Recent studies have used
hydrogel micro-particles to measure cell forces in a complex 3D
environment such as a spheroid. However, these micro-particles have not
been fully characterised. We show here the synthesis of hydrogel micro
particles with size and stiffness similar to cells. We also show that the
measured effective Young’s modulus is dependent on the size of the
particle measured. The softest beads with a Young’s modulus of 175 Pa
can measure normal stresses down to ~ 7.3 Pa. The synthesised beads
can be used to determine cell forces in tissues such a tumour spheroids or
can be used to mimic cells in tissue layers.
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Chapter 1

Introduction

Mechanical forces play an important role in cell behaviour. Recent mech-
anobiology studies have shown mechanical forces are critical in driving
cell morphogenesis and stem cell differentiation [1]. Rauzi et al. showed
that anisotropic forces lead to tissue elongation in Drosophila embryos [2].
Mechanical forces also affect disease progression and are important for
cancer cell proliferation. Tse et al. showed that generation of compressive
stress within tumours on confinement lead to formation of 'leader cells’
that facilitate movement and proliferation [3]. A similar result was shown
by Mekhdjian et al. where stiffer Extracellular Matrix (ECM) stimulated a
more invasive phenotype of tumour cells. [4]. Mechanical properties can
also be used to monitor pathological and physiological changes in cells
without the use of molecular markers [5, 6]. Mechanical forces therefore
regulate a varied number of cellular functions and behaviour and it is im-
portant to quantify them in order to better understand the phenomena that
they govern.

These mechanical forces are measured using various techniques. One of
the major methods to quantify cell force is Traction Force Microscopy (TFM).
In TFM, cells are seeded in vitro on a substrate embedded with fluorescent
beads. When the cells apply forces the deformation of the substrate leads
to movement of the fluorescent beads which is tracked to obtain the trac-
tion forces. The beads are of the size of micrometers which allows for
subcellular resolution when tracking traction forces. High resolution TFM
was used to show force fluctuations in cell focal adhesions mediate ECM
rigidity sensing by cells which helps in guided cell migration [7]. Another
method to probe cell adhesion and forces is by micro pillars. Here, the
cells are adhered to microfabricated 3D pillars. The stiffness of the pillars
is determined by its height and width. The pillars bend on force applica-
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tion and the forces can be calculated based on how the pillars bend. This
method has been used to determine contractile forces exerted by cells dur-
ing adhesion [8, 9]. Other methods include micropipette aspiration where
cells are sucked into a pipette causing the cell to form an elongated tether
[10]. The suction pressure and the length of the tether formed can be used
to determine the force. Atomic force microscopy (AFM) is also a robust
method to determine the stiffness and shape of cells by indenting the cells
with flexible cantilevers whose deflection is used to determine mechani-
cal properties. These techniques even though well characterised measure
forces in 2D plane. Another drawback of these techniques is that all these
measurements are done in vitro which may not always be representative
of the conditions found in vivo.

Cells in vivo exist in a 3D environment. For measurement of forces in
3D environment only a few methods are available. One such method is
the oil droplet method where an oil droplet is used as a force sensor. The
deformation in the oil droplet on force application can be converted to ap-
plied force based on the geometry of the drop. Campas et al. used the oil
droplet method to quantify mechanical forces in a living embroynic tissue
[11]. However, oil being an incompressible liquid, isotropic compressive
forces and shear forces cannot be determined using this method. Micro-
fluidic devices are also used to make elastic gel beads that can quantify
shear forces too. Mohagheghian et al. created these elastic gel particles to
determine average compressive forces in the range of 360 -570 Pa in living
cell layers [12]. Vorselen et al. used pressure extrusion of polyacrylamide
gel through a porous membrane to create mono-disperse beads to measure
subcellular force pattern in phagocytic engulfment by T-cells [13]. Vorse-
len made beads in the range of 5-15 um with Young’s modulus of 1-5 kPa.
While different micro-particles have been used, they have still not been
properly characterised. The beads have been proposed to mimic cells in
their physical properties, such as size and stiffness, in tissue layers and
tumours to study cellular force. However, the beads are either too stiff or
too big to mimic cells. The aim of this project is synthesise micro-particles
that can mimic cells and to characterise them for their size and stiffness.
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Chapter 2

Theory

The stiffness of the soft hydrogel micro-particles was characterised by AFM
measurements. This was done by probing the spherical particles with an
AFM tip which had a spherical indenter. This required knowledge of the
interaction between the indenter and the sphere which is discussed below
and was first given by Hertz [14].

2.1 Contact Dynamics and Hertz Model

The Young’s Modulus of the bead was determined by indenting the micro-
particles with the AFM tip which had a spherical indenter. To obtain the
Young’s modulus from the force and the indentation depth measured, we
apply the Hertz model. Figure 2.1A shows the indentation of the spherical
body with a spherical indenter with an indentation depth 4. §+x is the
apparent indention, where "X’ is the apparent increase in indentation due
to the bending of the cantilever. The effect due to bending is corrected
to obtain 4. R;j is the radius of the indenter and Rg is the radius of the
sample. Similarly, Eg and E; are the Young’s moduli of the sample and the
indenter. ‘a’ is the contact radius upon indentation. The contact radius for
an indenter indenting an infinitely extending half space is given by[15]:

a=+/3 R;. 2.1)

For a spherical indenter the indentation depth and force as described
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2.1 Contact Dynamics and Hertz Model 5

by Popov et al. are given by [15, 16]:

2 2
_ 4@ +R°. R+a
F=E"| > lnR—a aRr], (2.2a)
a. R+a
= —1 2.2
0 an_a, (2.2b)

where, E' is the effective Young’s modulus and is given by

1 1-v 1-v3
—_— = 2-
Et E T Es @3)

where, v7 and vg are the Poisson ratio of the indenter and the sample.

The Hertz model is applicable only for small indentations (5-10% of the
sample height). For the Hertz model to be applicable there are some as-
sumptions that are made:

a) The sample is an isotropic solid in the linear elastic regime. This is
achieved through small indentations.

b) The indenter is non deformable which directly implies that
Et ~ E52
1-vg

c) There are no interactions between the indenter and the sample.

Considering these approximations the expression for force becomes

Es a*+R?> R+a

= [ In
1—v2

F
2 R—a

aR] . (2.4)

This equation when simplified and written in terms of the indentation ¢
and force F gives the Young’s modulus as

3F(1-v3) 1
Es == -
4 o2 \/ﬁ

During AFM measurements, the software calculates Young’s modulus based
on the assumption that we indent an infinitely extending half space. Then
R ~ Rj and yields a resulting Young’s modulus E,. However, in the
case of two spheres touching, the contact radius a is reduced and if one
assumes an infinitely extending half space they overestimate the contact

(2.5)
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2.2 Force Indentation Curve 6

radius and consequently, the pressure and the Young’s modulus are un-
derestimated. Therefore for a spherical sample and indenter the effective

. 1 1 1 -
radius R = R; + R; 1s used.

=2 = 14 =. (2.6)

The Young’s modulus obtained from the AFM software needs to be multi-
plied with the factor above to yield the effective Young’s modulus. Figure
2.1D shows how the ratio changes with the size of the bead for Ry = 5 um.
For large beads the ratio approaches 1 where the indenter approaches an
infinitely extending half space.

2.2 Force Indentation Curve

Force indentation curves were obtained by indenting the beads using an
AFM. In an AFM setup, there is a laser aligned to the cantilever which
is used to indent the sample. As the cantilever is moved into the sam-
ple there is a deflection in the cantilever which results in the shift of the
laser beam. The AFM measurements yield a plot of the deflection of the
cantilever (measured in Volts) versus the height of the cantilever. The de-
flection in Volts is converted to force. Figure 2.1B shows a typical force
indentation curve. The plot shows the portion where the tip approaches
the sample (in red) and where it retracts (in blue). The x axis shows the
distance from the sample. There is no deflection as the tip approaches
the sample. As soon as the tip encounters the sample there is an increase
in the deflection of the cantilever and hence the force. Here, we indent
the sample by ~ 1 um. As the tip is retracted the force decreases. Due
to adhesion with the sample, the tip remains in contact and is deflected
downwards as seen in the dip in the blue curve. Once the retraction force
is counteracts the adhesion the tip snaps back to its original position. We
fit Equation 2.4 to the approach curve as it does not include the interaction
due to adhesion to obtain the Young’s modulus.
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2.2 Force Indentation Curve 7
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Figure 2.1: Measurement on AFM yields force indentation curves

A) Schematic of an AFM indentation using a spherical indenter on a spherical
sample. The deflection in the cantilever causes a deflection of the laser. The bend-
ing of the cantilever (x) is corrected in the analysis software. B) A typical force
indentation curve of the tip on 2.3% cross linker sample. When the tip approaches
the sample (red), there is no deflection until the tip interacts with the sample and
the force increases as indentation increases. During the retraction of the tip (blue)
the tip may adhere to the sample causing a dip in the curve. C) Scanning Electron
Microscope (SEM) image of the tip used for measurement. The cantilever has a
width of 40 um and the sphere has a diameter of 10 um D) Ratio of the effective
Young’s modulus for a spherical bead and Young’s modulus for an infinitely ex-
tending half space. For large beads the ratio approaches the value for an infinitely
extending half space
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Chapter 3

Materials and Methods

In this thesis, we synthesise deformable hydrogel particles using polyacry-
lamide gel mixture. The particles were fixed to a surface and characterised
for stiffness using force spectroscopy measurements on an Atomic Force
Microscope (AFM). The sizes distribution for the synthesised particles was
determined by analysing Phase Contrast Microscopy images on MATLAB.

3.1 Bead Synthesis

Soft micro particles were synthesised by extrusion of the acrylamide gel
into the oil phase through a tubular hydrophobic Shirasu porous glass
(SPG) membrane with a height of 20 mm and outer diameter of 10 mm.
The membrane had a pore diameter of 3.1 um. All acrylamide mixtures
contained 150 mM NaOH, 0.3% (v/v) tetramethylethylenediamine (TEMED)
(Thermo Fisher, 17919), 150 mM MOPS (prepared from MOPS sodium
salt with a final pH of 7.4) (Sigma, M9381) along with acrylamide (AAm)
(Sigma, A9099), acrylic acid (AAc) (Sigma, 147230) and N,N’-methylenebis
acrylamide (BIS) (Sigma, 146072). The final mass concentration of acry-
lamide components (C; = Caac + Caam + Cpis) was 100 mg/mL. The
concentration of acrylamide was kept constant at 10% for the cross linker
percentage ranging from 1% to 2.3%. We made 12 mL of gel mixture.
The membrane was mounted on the internal pressure micro kit extruder
(SPG Technology) after being sonicated under vacuum in HPLC grade n-
heptane for 5 minutes to remove any trapped gas. The membrane was
immersed in the oil phase containing ~ 220 mL hexane ((99% ACS reagent,
mixed isomers) (Fisher Science, P216885) and 1% or 3% (v/v) Span80 (Fluka,
85548) as mentioned in the text. The gel was degassed for 15 minutes be-
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3.1 Bead Synthesis 9

fore being poured into the module for extrusion. The oil phase was kept
under nitrogen atmosphere in a 3-neck water jacketed flask. For extru-
sion, the pressure of nitrogen in the module was increased step-wise un-
til a continuous flow of beads was seen. This was the critical pressure.
The pressure was set at ~ 3 kPa higher than the critical pressure for ex-
trusion. The extrusion took ~ 0.5 to ~3 h. The oil phase was continu-
ously stirred at 350 rpm using a magnetic stirrer. After extrusion, the SPG
module was removed and the temperature of the emulsion was increased
to 60 °C following which 300 mg of Granular 2,2’-Azobisisobutyronitrile
(AIBN) (Sigma, 441090) was added to induce particle polymerisation. The
temperature was reduced to 40 °C after 3 h and the emulsion was left as
such overnight. The gel was then washed 3 x using hexane and 1x using
100% ethanol. Between each washing step, the emulsion was centrifuged
at 300g for 5 minutes. After the ethanol washing, the beads were dried un-
der nitrogen flow (~ 2 h). The beads were resuspended in PBS (pH ~ 7.2)
overnight and supplemented with 1% (v/v) 0.5 M sodium azide (Sigma,
520002).

A

Pressuregauge

N2gas

Temperature sensor

L
/ |
Continuous phase

SPGmembrane —

Hot plate & stirrer

Figure 3.1: Experimental setup for the synthesis of hydrogel micro-particles.
A) Schematic of the experimental setup used. The gel is is extruded from the
membrane (inset) into the continuous phase by applying pressure from the nitro-
gen gas. B) Actual setup.
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3.2 Bead Immobilization 10

3.2 Bead Immobilization

Bead immobilization was done to fix beads to the petri dish so that they
do not move or stick to the AFM cantilever during AFM measurements.
The suspended particles were diluted to 15% (v/v) concentration using
PBS. 500 pL of diluted particles along with 100 pL 20% (w/v) N -3 -
Dimethylaminopropyl) -N’-ethylcarbodiimide hydrochloride (EDC) (Sigma,
E7750) and 100 uL 10% (w/v) N -hydroxysuccinimide (NHS) (Thermo
Fisher, 22500) were added in a 60 mm Petri dish and left to incubate for
~ 1.5 h. After incubation, they were washed 3x with 20 mL PBS and
stored again in 5 mL PBS. The measurements were done within one week
of fixing the particles.

3.3 Phase Contrast Microscopy

Phase contrast images were taken to determine the size of the beads. Phase
Contrast Microscopy was performed using an Axiovert40 (Zeiss) inverted
microscope base unit equipped with 10x NA 0.22 ph1 (Zeiss) objective for
phase contrast imaging. The images were captured using a WAT-902H2
Ultimate (CCIR) monochrome CCD camera (WATEC).

3.4 Image Analysis

The images obtained from microscopy (Section 3.3) were post processed
in MATLAB to determine the size of the particles. The images were first
smoothed using the Gaussian blur filter to remove noise. Then edges were
determined using the Canny method [17]. Once the edges were deter-
mined, the area detected were filled and filtered based on size to remove
small areas. Watershed algorithm was used to find and separate the cen-
tres of overlapping beads [18]. Then circles were fit to the areas and circles
with eccentricity less than 0.6 were used to determine the size of the beads
(Figure 3.2).

10
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3.5 Atomic Force Microscopy 11

Figure 3.2: Image analysis of beads is used to determine size of the beads.

A) Original image of the 1.5% cross linker sample 1 using a 10x phase contrast
objective. B) Thresholded image shows the detected beads in the image (marked
in red). Only those beads whose edge is properly detected are considered.

3.5 Atomic Force Microscopy

The AFM measurements were performed on immobilized particles (see
Section 3.2) using the JPK Nanowizard 4 setup. The tip used had a spher-
ical indenter of radius ~ 5 pm and the cantilever had a spring constant of
~ 0.15 N/m (NanoAndMore GMBD, CP-qp-CONT-BSG) which was cali-
brated by thermal tuning before each measurement session (Figure 2.1C).
The sample was illuminated from beneath using a LED light source. The
tip was centred on the particles and 4-5 nano-indentations were performed
on each bead (peak force set point 0.6-0.9 nN) which yielded as many force
deformation curves (Figure 2.1B). The data was analysed using the JPK
processing software. The force deformation curves were processed by cor-
recting for the offset and drift in the baseline. This was followed by ad-
justing the contact point to zero and adjusting for the cantilever bending.
The Hertz model was then fitted to the corrected curve with the tip radius
as 5 um. The Young’s modulus obtained from the fitting was averaged for
4-5 curves obtained for each particle to reduce error. The obtained Young's
modulus was corrected using Equation 2.6.

11
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Chapter I

Results and Discussion

We validated the approach used by Vorselen et al. to synthesise soft hy-
drogel micro-particles. We synthesised micro-particles using a softer gel
composition using cross linker concentration of 2.3%, 1.5% and 1%. We
obtained the size distribution of the synthesised beads using phase con-
trast microscopy and image analysis. We obtained the Young’s moduli of
the beads using AFM measurements.

4.1 Validation of Approach

Before we characterised the hydrogel beads for different cross linker con-
centrations, we validated the bead synthesis approach as outlined by Vorse-
len et al. [13]. We synthesised beads using 1.5% cross-linker concentration
and the acrylic acid concentration was kept at 10%. The span80 concen-
tration was taken to be 3%. The rest of the protocol was followed as out-
lined in Section 3.1. The size was determined using image analysis and
the Young’s modulus was determined by fixing the beads and measuring
using an AFM. Figure 4.1A (top) shows the size distribution of the synthe-
sised beads. We obtain bead radius of 13 + 6 pm (mean =+ std.). Figure
4.1A (bottom) shows the measured Young’s modulus distribution for 30
beads. The Young’s modulus was found to be 4.9 £+ 1.4kPa (mean =+ std.).
Within the measurement accuracy, the Young’s modulus is in accordance
with the expected Young’s modulus of ~ 3.5 kPa for 1.5% cross linker per-
centage as was interpolated from the experimental data shown by Vorse-
len et al. [13]. We also wanted to validate whether the Young’s modulus
follows the \/LE relation as suggested by Equation 2.5. Figure 4.1B shows

the plot for the measured Young’s modulus and the measured radius of

12

Version of August 19, 2021- Created August 19, 2021 - 15:19



4.2 Size Distribution 13

the bead. We see that measured beads are in a very small range of 7-
10 um and the Young’s modulus shows a no correlation with size with the
correlation coefficient of -0.28. The reason we do not observe a correlation
of Young’s modulus with size of the bead is maybe due to the fact that
we probe a very narrow distribution of sizes. Thus, here we show that we
can make hydrogel beads with a specific cross linker concentration and
the measured Young’s modulus agrees well with what is expected from
the available literature.

A B
202 8000
g
= 8000
2041 .,
3 = 7000 .
o o . -
o
o0 — 2 6000 .
. 10 20 30 40 50 3 .3,
Radius (pm) ED 5000 . 8, .
oy
8 ‘@ 4000 Lt
[ =) = -
g8 £ 3000 .
o4 . *
o, 2000 .
0 ,
2000 3000 4000 5000 6000 7000 8000 1000 5 p . s
Young's Modulus (Pa) _ \
Radius (pm)

Figure 4.1: Validation of synthesis approach for sample with 1.5% cross linker.
A) The 1.5% cross linker sample yields a radius of 13+ 6 um and Young’s modu-
lus of 4.9+ 1.4kPa. B) The Young’s modulus shows no correlation with the size
of the particle.

4,2 Size Distribution

After validating the approach we wanted to make softer beads that can
mimic cells in their stiffness. For this purpose, we kept the acrylamide
concentration at 10% instead of acrylic acid. We synthesised five batches
of the particles: two with 2.3%, two with 1.5% and one with 1% cross linker
concentration. We characterised these batches for size using image analy-
sis. For the 2.3% sample shown in Figure 4.2A, we could not discern the
particles using phase contrast microscopy. We therefore functionalised the
beads with AlexaFluor-488 Cadaverin (A30676, ThermoFisher) using the
protocol described by Vorselen et al. [13]. The fluorescent beads were im-
aged using spinning disk confocal microscope with a 40x Plan Neufluar
NA 1.30 oil objective. Figure 4.2 shows the distribution of size for the dif-
ferent samples. The table below shows the bead radii obtained and the

13
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4.2 Size Distribution 14

corresponding critical pressure for extrusion.

H Cross Linker%

Sample ‘ Pextrusion (kPa) ‘ Radius (pm) H

. 1 8 73+1.1
2.3% 2 12 1444

. 1 10 12+4
1.5% 2 16 1745
1% 1 23 17+6

The results show that for a pore size of 3.1 wm most of the samples

have mean radii between 7 to 17 um. The sizes are consistent with the typ-
ical sizes of human fibroblast cells which have a radius ~ 10 to ~ 25 um
[19, 20]
The size of the particles is determined by the pore size and the pressure
(Pextrusion) for extrusion. We observe that for the same cross-linker percent-
age an increase in extrusion pressure results in a larger bead radius and a
larger standard deviation. We also observe that for a decrease in cross-
linker percentage there is an increase in bead radius which is consistent
with the results shown by Vorselen et al.[13]. However, for the 2.3% sam-
ple 1, 3% span80 was used along with AIBN concentration of 1.1 mg/mL
while for sample 2, 1% span80 was used along with an AIBN concentration
of 1.5 mg/mL. An increase in span80 concentration leads to an decrease
in interfacial tension between the n-hexane and water interface [21]. The
critical pressure depends on the interfacial tension as below:

4+ cos@
Peritical = rYT (4.1)

where, 7y is the interfacial tension, 0 is the angle of opening of the pores and
D is the pore diameter. Therefore a decrease in the span80 concentration
leads to a decrease in critical pressure and extrusion pressure which results
in smaller size of the beads. An increase in AIBN concentration, on the
other hand causes an increase in size of the micro-particles as was shown
by Saadat et al. for methacrylic particles [22]. For the 2.3% sample, it is
difficult to determine which effect causes an increase in bead radius. For
the 1.5% sample, the AIBN and span80 concentrations are identical for the
two samples and an increase in extrusion pressure alone seems to cause
an increase the size of the beads. More experiments need to be done to
determine the effect of pressure on the size of the beads.

14
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4.2 Size Distribution 15
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Figure 4.2: Mean radius of bead varies from 7-17 ym.

Size distribution of two different samples for 2.3, 1.5 and 1% cross linker con-
centration. A)-B) 2.3% cross linker. Sample 1 was imaged using fluorescently
labelled particles on spinning disk confocal microscope. C)-D) 1.5% cross linker.
E) 1% cross linker.
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4.3 Young’s Modulus Depends on Size 16

4.3 Young's Modulus Depends on Size

Next, we measured the Young’s Modulus of the synthesised beads. Each
sample was fixed on 2 different plates and measured independently on
the AFM. Figure 4.3 shows the plot of Young’s modulus versus size of the
beads. The two different measurements on each sample are shown in red
and blue. The overlapping regions of the two measurements were used to
perform the T-test to determine whether the two measurements came from
the same distribution and if they could be combined. For Figure4.3A, B
and C the corresponding p-values from the T-test were 0.90, 0.30 and 0.29.
Since the p-value was greater than 0.05, this suggested for the three sam-
ples we could combine the two measurements. For 1.5% sample in Figure
4.3D the data followed a trend however the p-value obtained from the t-
test was 0.04. Therefore this suggested that the two measurements could
not be combined. For the purposes of the results, we analysed just the first
measurement for the sample in Figure 4.3D. For Figure 4.3E the overlap-
ping region was very small to get a statistically accurate t-test. However,
there was a clear trend in Young’s modulus as the size increases and the
two data measurements moved into each other and therefore we chose to
combine the two measurements for the 1% sample. We then calculated the
correlation coefficient for each sample. The table below shows the correla-
tion coefficients for the different samples.

H Cross Linker%

Sample ‘ Young’s Modulus (Pa) ‘ Correlation Coefficient H

5 39 1 50-300 -0.4422
2 100-1200 -0.6043
L5, 1 400-1200 -0.6762
2 200-1200 -0.7485
1% 1 100-1000 -0.8302

The results show that there is a strong negative correlation between the
measured Young’s modulus and the size of the bead measured. We also
see that the Young’s modulus measured ranges from 100 Pa to 1200 Pa
across the 5 samples. The measured Young’s modulus is in range with the
cell stiffness measured using AFM by Cross et al. where they showed that
tumour cells have a stiffness in the range of 0.53 kPa while benign cells
have a stiffness of 1.97 kPa [23]. Similar study on epithelial cancer cells
was done by Li et al. which showed cancerous epithelial cells were 1.5
times softer than normal epithelial cells with Young’s modulus of 0.39 kPa

16
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4.3 Young's Modulus Depends on Size

17

while normal cells have a Young’s modulus of 0.54 kPa [24].
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Figure 4.3: Young’s Modulus shows a negative correlation with the size of the

bead.

Each sample was independently measured two times. All samples show a nega-
tive correlation with the size of the bead.A)-B) 2.3% cross linker. C)-D) 1.5% cross

linker. E) 1% cross linker.
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4.3 Young’s Modulus Depends on Size 18

Further, we wanted to investigate how the Young’s modulus depends
on size of the particle. For this purpose, we plotted the data on a log-log
scale and fitted a linear equation (y=mx+c) to get the slope. Figure 4.4
shows the data for the five samples. We see that the data follows a straight
line with a slope of ~ —1 as shown in the table below:

Cross Linker% | Sample | Fitted Slope | R?
539 1 -1.0+£0.5 0.2219
2 -1.1+04 0.3705
1.5% 1 -12+03 0.5622
2 -1.0+0.3 0.5838
1% 1 -1.23 = 0.16 | 0.8042

Here, the R? value signifies the goodness of the fit and gives the frac-
tion of the data follows the fit. The result suggests that the effective Young’s
modulus of the bead depends on the radius of the bead as ~ £ irrespective

of the cross linker concentration.
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4.3 Young’s Modulus Depends on Size 19

® Sample 1 e Sample 1

Q 0, Q
2.3% e Sample 2 1.5% Sample 2 1%
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Young's modulus (Pa)

100
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Figure 4.4: Effective Young’s modulus shows a R% with the size of the particle.
All samples irrespective of the cross linker percentage show a R% dependence.
The data on the log-log plot is fitted to y=mx+c. (inset) shows the curves with
slope -1 (solid) and -0.5 (dashed). -0.5 slope decays slower than the data shown in
the figure. As the cross linker percentage decreases the stiffness also decreases as
can be seen from the downward movement of the respective samples. 2.3% Sam-
ple 1 does not follow this trend as it has less AIBN concentration (1.1 mg/mL)
compared to the other samples (1.5 mg/mL). This fitting can be used as a calibra-
tion curve to determine Young’s modulus of beads of all sizes within a sample.

We see that as the cross linker concentration decreases the stiffness also
decreases as expected. The 2.3% sample 1 (shown in magenta) has a lower
stiffness than 2.3% sample 2 (shown in red) because we used a lower con-
centration of AIBN. The 2.3% sample 1 also shows a lower R? value com-
pared to the other samples as the size distribution is very homogeneous
which makes it difficult to fit a linear curve to the data. The sample also
shows a lower magnitude of correlation coefficient. This suggests that for
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4.3 Young’s Modulus Depends on Size 20

a homogeneous size distribution the trend is not significant and one can
directly determine the mean Young’s modulus. For sample 2 of 1.5% cross
linker we plot only the first measurement and discard the second. This is
reasonable as the second measurement does not represent the sample. We
believe so because the dish used for the second measurement was stored
for three weeks before measurement whereas the rest of the samples were
measured within 4 days of fixing the beads. The beads optically look dif-
ferent on the AFM microscope as shown in supplementary Figure 6.1. It
seems as if the sample collapsed after a long storage and a dent can be dis-
cerned in the centre of the bead. Another reason to disregard the second
measurement was that we only measured Young’s modulus on 18 beads
as compared to 27-30 beads for the rest of the samples.

The samples do not follow the \/LE relation as is shown in Equation 2.5.

More experiments need to be done to determine the £ relation that we see
in the samples. One of the possible reasons could be that the sample when
indented deforms from the top and bottom instead of just the top as is
assumed in the Hertzian model. Another reason could be that there is a
dominating effect of the surface tension which could also cause the % de-
pendence of Young’s modulus that we see. However, using such a fitting
method we can form a calibration curve to determine the Young’s moduli
for all the beads for each sample. The pressure that can be measured fol-
lows a linear relation with the Young’s modulus [15]. Experimental data
demonstrates that the smallest pressure we can measure is ~ 42 Pa us-
ing 1 kPa beads (unpublished work, Rick Rodrigues de Mercado, Schmidt
Lab). Extrapolating the linear relation for the softest particles (Es ~ 175Pa)
synthesised in this thesis, we can measure a pressure of ~ 7.3 Pa.
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Chapter

Conclusion

In this thesis, we have characterised soft hydrogel beads for their size and
stiffness. We have shown that we can make beads in the range of 7-17 um
in radius and Young’s moduli ranging from 200-1200 Pa which are similar
to cells and therefore an be used in tissues to mimic cells. We have also
shown that the effective Young’s modulus depends on the size of the bead
as Rls

The work in this thesis provides a novel insight on the size dependence
of the effective Young’s modulus of the beads. We can make a calibration
curve for individual samples to determine Young’s moduli of beads with
different sizes in the sample. It also underlines the importance of having
a sample with a homogeneous size distribution to get the mean Young’s
modulus of the sample. Once the size dependence of the beads is bet-
ter understood this method provides a simple way to quickly synthesise
a large number of beads of desired stiffness. From the softest beads syn-
thesised with Young’s modulus ~ 175 Pa, the smallest pressure we can
measure is ~ 7.3 Pa.

These beads can be used for a variety of different force measurements.
These beads can be coated with necessary proteins and embedded in tu-
mour tissues to determine the effect of cellular forces on tumour metasta-
sis. They can be used to probe cell-cell interactions in tissue and how cells
achieve confluency.
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Chapter

Supplementary Figures

1.5% Measurement 1

® Measurement 2
1000 Sample2

Young's modulus (Fa)
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=1
=
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Figure 6.1: Beads from 1.5% sample 2 appear different from other samples and
show an opposite trend.

A) Image taken on the AFM microscope for 1.5% cross linker sample 2 shows a
ring in the centre of the bead. This suggests that the integrity of the bead is lost
and the bead may have collapsed. B) Image taken on the AFM microscope for
2.3% cross linker sample 2 does not show the ring in the centre of the bead. C)
Young’s modulus vs Radius plotted on the log-log scale for both measurements
of the 1.5% sample. Measurement 2 has less number of data points and fit yields
a slope of 1.11 + 1.87 and an R? value of 0.09.
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