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3.4 Labview Program

The Labview program written for this experiment is based on the previous incarnation
designed by Marie-Josée Colbert for her project. The snapshot in Fig. 3.4 shows the control panel
of the program.
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Figure 3.4: Screenshot of Labview program.

When the program is running, it cycles through an iteration and updates the time, position,
and the video portion of the panel about every 300-500 ms depending on the size of the image. The
program can be used manually, with the top section of the panel to move the substrate into the cell
(x-axis), or in the shearing directions (y-axis). The speeds accessible with either actuator can range
from 0.1 - 300 pam/s. The program can also be automated to move in a given number of sections
while changing 3 possible parameters for each section: the wait time between sections, the speed of

substrate motion, and the x position of the substrate which is the normal force applied to the cell.
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As an example, we can take the sample experiment in the picture (Fig. 3.4). Once the
substrate has been manually moved into the cell. The ‘Start run’ button is pressed at which point

the following happens:
1. The subtrate waits an initial time of 10000 ms.
2. The substrate moves at 1.0 pm/s.
3. When it has finished moving 100 pum, it stops and waits 10000 ms.
4. While waiting, the substrate moves further into the cell by 0.1 pm.
5. When the wait time is over, the substrate begins to move at 1.5 um/s.

6. After finishing the 2nd section, the substrate waits 20000 ms and moves further into the cell

by 0.1 pm.
7. After the 20000 ms, the substrate begins to move at 2.0 pm/s.

this process continues for 20 sections of 100 um, changing the wait time every 2 sections, whereas
the velocity and normal force change every section.

The time and position of the substrate throughout the experiment can be recorded to a
text file for future analysis and pictures can be recorded into a folder at the program cycling rate or
slower if necessary. A small graph at the bottom left of the control panel indicates the y position of

the substrate with respect to time for the whole time the program is running.

3.5 Image analysis

For the l-dimensional case of tracking the micropipette deflection of our earlier friction
experiments, I used the cross-correlation program written for Matlab by Adam Raegan. This cross-
correlation technique compares the intensity profile of a line for any given image and compares it
to the intensity profile of the same line for the first image. The lines are shifted with respect to
each other in every possible permutation and multiplied together, the maximum multiplicative value
corresponding to the most likely shift in position of the elements in the line (ie: the new micropipette
position).

Unfortunately, this simple multiplication doesn’t work well for situations in which the
background elements may have a stronger influence than the tracked object. For the 2-dimensional
case where we wish to know the movement of the micropipette tip both parallel and perpendicular
to the substrate, this is indeed the case. Several variations on the original cross-correlation program
were attempted, but none resolved the issue. A new method based on least squares estimation was

developped instead.
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Figure 3.5: Screenshot of region of interest selection during matlab analysis.

As in the first case, the grayscale image is manipulated as a matrix of intensity values whose
elements correspond to the pixels of the image. A rectangular section of the picture corresponding to
the object being tracked is selected graphically by the user, called matrix A. Another larger section
is selected as the possible range of motion throughout the experiment as in Fig. 3.5, this larger is
called matrix ROI.

For all subsequent images, the program finds the most likely position for the object within
the range of motion rectangle. It does this by comparing the matrix A from the first image, to every
possible submatrix of ROI of the same size in the image being analyzed. Starting in the top left
corner of the ROI in the new image, the program selects a matrix B of the same size as A. It then

computes the sum of the square of the difference between the two matrices, as in eqn. 3.1,
LSE =Y (Ai; — Bi;)%. (3.1)
i

This is essentially the same as a linear regression analysis for the slope of a graph. If the top left
corner of the ROI of the new image happens to correspond to the location of the object (matrix
A), then we expect the estimator LSE, the sum, to be small. The program rasters across the entire
ROI pixel by pixel, selecting a matrix B and computing the sum for each posssible location. The
minimum of all the computed sums gives the most likely pixel position for the object. We can
multiply all the sum values by -1, turning the minimum into a peak. We can expect the pixels

around this peak to be gaussian due to noise. Fitting a 2-D gaussian to this peak and its adjacent
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points provides subpixel resolution.
This entire process is repeated for each subsequent image and thereby the position of the
object in each image is determined relative to the first image. The position can then be plotted

versus image number to show the motion of the pipette.

3.6 Calibration

In order to calibrate each section of the cantilever we need to apply a known force and
measure the deflection it causes. We developed a method of using the weight of a pure water droplet
to bend the pipette downwards. For calibration purposes we connect the micropipette to a syringe
filled with water. A syringe pump pushes water out at a slow and constant rate. The expelled water
forms a droplet at the tip of the micropipette which grows in size until it falls off. The cantilever
section being calibrated is positioned perpendicular to gravity by eye using the micromanipulator.
Visualizing the vertical deflection of the micropipette on a horizontal tabletop microscope requires
placing a mirror at a 45° angle to the tabletop. Illuminating the micropipette from the side, the
light reflects oftf the mirror down into the microscope. For calibrating the friction force cantilever,

we obtain images of the type shown in Fig. 3.6: For the normal force, the tip is angled downward

Figure 3.6: Images of water droplet bending friction force portion of micropipette downwards.

such that the normal force section is horizontal. Although this section is not in the field of view, by

tracking the tip of the micropipette we can still infer its vertical displacement as in Fig. 3.7.
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Figure 3.7: Images of water droplet bending normal force portion of micropipette downwards.
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The growth of the water droplet is tracked with the help of the National Instruments Vision
Assistant 8.0 program. The script written for this program selects a threshold intensity value for each
image, removes all smaller particles, smooths out the remaining shapes and finds the dimensions
of the rectangle encompassing the remaining droplet sized object. These rectangular dimensions
are used to fit an ellipse to the droplet from which we can calculate the volume. With the known
density of water the weight of the water droplet can be plotted as a function of the displacement
of the micropipette. The graph of this data fits a linear slope which reveals the spring constant
of the cantilever as shown in Fig. 3.8. The cantilever in this example has a spring constant of

0.68 + 0.03 nN/um but cantilevers ranging from 0.5-1000 nN/um have also been forged.

Ax (um)

Figure 3.8: Force from calibrating droplet as a function of the micropipette displacement.
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Chapter 4

Results

The majority of the experiments conducted for this project were done using living HeLa
cells. Unfortunately, the variability between cells made it very difficult to collect data with which
we could compare the physical characteristics of each cell in any quantitatively meaningful way.
Moreover, the migration and development of an individual living cell over the duration of each
experiment added to the complexity of the data and irreproducibility of the results. For this reason
it became increasingly necessary to attempt the same measurements with a more standardized object
in order to verify the reproducibility of the technique itself. These measurements on polystyrene

beads are presented first as a validation of our micropipette technique.

4.1 Friction on polystyrene beads

As a good example of a typical friction measurement, the graph presented in Fig. 4.1 shows
two sections of stick-slip motion. When the substrate begins to move around =125 s, the polystyrene
bead sticks to the silicon surface and moves in the same direction and the force increases. Once a
certain maximum force of static friction is attained, the bead slips with respect to the substrate and
the pipette moves back towards its equilibrium position. Before reaching equilibrium, the bead sticks
again, repeating the same pattern over and over again until the substrate stops around t=225 s.
After waiting 10 seconds, the substrate begins to move again in the same direction. During the next
100 seconds the same pattern is observed with a slightly higher maximum force of static friction and
larger amplitude of stick-slip motion. The slope of the graph during each ‘stick’ cycle stays relatively
constant, indicating that the substrate is always moving at the same velocity. The regularity of the

stick-slip motion also indicates that we are indeed in the periodic regime of friction.
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Figure 4.1: Close-up of friction force as a function of time for a polystyrene bead on silicon.

23



MSe. Thesis - M. Goulet McMaster - Physics & Astronomy

The graph shown in Fig. 4.1 shows the first 350 seconds of the experiment shown in Fig. 4.2:
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Figure 4.2: Friction force as a function of time for a polystyrene bead on silicon.

The data shown in Fig. 4.2 is composed of 20 sections of stick-slip motion with a 10 second
wait time for which the substrate is motionless in the shearing direction. Each section in the graph
is a result of 100 pum of substrate motion at 1 pm/s (which is indeed equivalent to the slope during
each stick event). The most noticeable feature from this graph is the linearly increasing amplitude of
the stick-slip force as well as the maximum force of static friction from section to section. The reason
for this increase is because during each 10 second wait interval, the substrate is moved further into
the bead by roughly 0.2 um thereby increasing the normal force. At the end of the experiment, the

substrate is retracted completely and the micropipette relaxes quickly to its equilibrium position.
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Looking at the graph of the normal force for this same experiment in Fig. 4.3 justifies
the above reasoning. In this figure we can easily see that the normal force is indeed increasing
linearly from section to section verifying the relationship between normal and friction force. One
issue to note is the variation of the normal force within each section. Even though the substrate
motion is entirely perpendicular to the pipette during each section, the normal force varies in a stick-
slip manner equivalent to the friction force. This phenomenon can be explained with geometrical
arguments about the pipette or the axis of images and is primarily due to the large strength of friction
leading to severe pipette deflection. The large strength of friction also causes the bead to roll out
of the pipette slightly, creating a larger distance between the substrate and pipette tip and thereby
pushing the pipette backwards. Performing the same experiments with a stiffer friction cantilever
and higher suction pressure would minimize this effect. In any case, these graphs demonstrate the

quality of data which is achievable with our instrument.
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Figure 4.3: Normal force as a function of time for a polystyrene bead on silicon.
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Before moving on to our experiments with cells, other experiments involving beads are
presented which have verified more of the principles previously discussed. In the top half of Fig. 4.4
we see a very noisy but relatively constant sliding friction force dotted with a few sharp peaks
indicating a ‘stick’ and a few ‘dips’ to be discussed later. In this experiment, 10 sections of 100 pm
are traversed by the substrate moving at 1 pm/s. Between each section the substrate waits 10
seconds and moves into the cell by 0.5 pm. Again this increase in normal force is obvious from the
bottom part of Fig. 4.4 but seems to have little or no effect on the friction force. The silicon substrate
in this case however was coated in PLL. It has been shown by Raviv et al. that with two charged
hydrophilic surfaces, as in this case, friction can be greatly reduced due to both entropic repulsion
and hydrodynamic lubrication [30]. Although this interesting phenomenon warrants further study it
is only included here to illustrate a few points. The most important detail to consider is the drastic
change in behaviour between the PLL and pure silicon case. This provides clear evidence that we
are indeed coating the substrate with PLL, a fact that was called into question by the large variation
in cell behaviour. Another aspect which becomes apparent is the added complexity when using PLL
rather than pure silicon. We can expect the increased noise and reduced friction force to add to the

difficulty of performing these same measurements on living cells.
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Figure 4.4: Friction force (top) and normal force (bottom) as a function of time for a polystyrene
bead on silicon coated with PLL.
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By changing the parameters of the previous experiment we can take a more detailed look at
the ‘dips’ shown by arrows in Fig. 4.4. Once again we consider the friction force of a bead on a PLL
coated substrate moving at 1 pm/s for 200 um per section. In this case however we are increasing
the wait time between section by 10 seconds. For the first section the substrate waits 60 seconds
before moving whereas the substrate waits for 110 seconds after the last section. This longer wait
time allows us to clearly see the relaxation ‘dip’ of the pipette back towards its equilibrium position
in Fig. 4.5. This feature which was lacking in the pure silicon case of Fig. 4.1 is further evidence
of the compliant nature of the PLL layer. This graph was also displayed here to demonstrate one
of the greatest experimental difficulties. The curved increasing trend in friction force throughout
the experiment is unfortunately not due to a controlled increase in normal force. The substrate
position parallel to the pipette was maintained for the entire experiment. This curved trend is due

to thermal expansion of the apparatus which has been minimized but not entirely eliminated in its

latest incarnation.
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Figure 4.5: Friction force as a function of time graph showing relaxation of a polystyrene bead into
PLL layer.
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4.2 Friction on Hel.a cells

Based on other friction studies [28, 29] of soft materials, we expect to see behavior similar
to that depicted in Fig. 4.6. As the substrate begins to move, it shears the cell and drags the
micropipette along to a point of maximum static friction (A). At a maximum deflection the force
on the cell is large enough to overcome adhesion and the cell begins to slide with respect to the
substrate, relaxing to the steady state configuration corresponding to its kinetic friction value (B).
When the substrate motion stops, the cell relaxes further to another steady state value of static

friction (C). This process can then be repeated in the opposite direction (D).
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Figure 4.6: Schematic of pipette motion during friction experiment.
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The friction forces seen in the polystyrene bead experiments ranged from 0.05 - 3 uN. As
previously mentioned however, living cells do not typically adhere to surfaces through non-specific
van der Waals forces and as such we can expect the area of contact, and therefore the shearing force,
to be comparatively small. For a clean and atomically smooth surface such as silicon this is indeed
what we observe, but with the help of more sensitive cantilevers we can measure forces down to a
fraction of a nanonewton. As a good example of this, Fig. 4.7 shows the friction force of a living
HeLa cell on a substrate moving 200 um at 0.5 pum/s. After an initial contact time of 60 seconds,
the substrate begins its motion and drags the cell and pipette with it. Once the maximum force of
static friction is reached around 12 nN, the cell begins sliding and the pipette relaxes to a steady
state kinetic friction value. The rounded edge of the static friction peak is due to the cell being
sheared and rolling out slightly from the pipette, relaxing as a soft material typically does. There is
also an absence of significant peaks with a slope equivalent to the velocity of the substrate during
the sliding motion, indicating that there are no major stick events.

For this same experiment, the normal force is also recorded and shown in Fig. 4.7. During
the initial 60 seconds of contact, the normal force is increasing because the substrate is moving into
the cell. Since the cell is compressed between the pipette and substrate and therefore ellipsoidal in
shape, it tends to push the pipette further back as it rolls out of the pipette. Once the cell begins
to slide with respect to the substrate, the normal force relaxes to a steady state value.

We can take an average of both the friction and normal forces during the steady state
interval, giving Fy = 6.4 + 0.2 nN and N = 4.1 4+ 0.2 nN respectively. Using eq. 2.4, we can
then easily determine the coefficient of kinetic friction for this particular cell on silicon, namely
pr = 1.6£0.1, which is in the range of a rubber on a dry surface [31]. The data presented here gives
a good idea of the quality that is achievable in our measurements. The lack of drift or significant
noise makes it clear that micropipettes can be used as a viable force transducer. Simple friction
measurements such as this are not the primary goal of this research. Besides the possiblity of
analyzing the relaxation curves, studying the dynamics of cell adhesion requires varying certain

time related parameters which will be discussed in the next section.
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Figure 4.7: Friction force (top) and normal force (bottom) as a function of time for HeLa cell on
silicon.
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4.3 Specific vs. Non-specific adhesion

A simple way of studying the time dependence of adhesion is to vary the time the cell
remains in contact with the same area of the substrate. The example given in Fig. 4.8 is for a cell on
a silicon substrate moving 200 um at 1 um/s. Contrary to the bead case, this experiment and the
following ones use a cyclic substrate motion as in typical friction experiments. Instead of moving
in one direction in several sections, the substrate in this case moves back and forth over the same
200 pm. For this reason, the pipette gets deflected in both directions and gives both positive and
negative forces. In this case, the cell is initially in contact with the substrate for 300 seconds. This
wait time is increased by 60 seconds every time the substrate starts a new cycle. For this experiment,
the strength of adhesion represented by the maximum force of static friction Fj, is notably constant

regardless of the wait time.
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Figure 4.8: Friction force as a function of time for a HeLa cell on silicon with increasing wait times.
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According to a paper by Mazia et al. [32], PLL adsorbs quite readily to a variety of surfaces
and promotes cell adhesion and spreading. PLL is a positively charged polymer chain or protein
whose cationic sites combine with the anionic sites on cell membranes. In their paper they claim
that the cells will ‘attach themselves as soon as they settle’. This behaviour has not generally been
observed in our experiments, though in several instances relatively stronger adhesion has been noticed
on PLL rather than silicon given a sufficient amount of contact time. Moreover, the detachment of
cells from PLL is often accompanied by deformation of the membrane at discrete attachment sites
indicating a specific adhesion process is taking place.

With this in mind, we can perform the same experiment for which we increase the wait
time on a substrate coated with PLL. The data in Fig. 4.9 is for a HeLa cell on such a substrate
moving back and forth for 200 ym at 2 pm/s. In this case, the initial wait time is 11 seconds and
increases by 1 second every loop. Even for such a small increase in wait time, the adhesion force

increases appreciably.
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Figure 4.9: Friction force as a function of time for a Hel.a cell on PLL with increasing wait times.
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The contrast between Fig. 4.8 and Fig. 4.9 seems to indicate that given a substrate that is
favorable to specific adhesion, cells will tend to adhere more and more strongly as time progresses.
At first glance, this is to be expected given the probabilistic nature of biological adhesion rather
than the direct van der Waals forces. At this stage, more experiments need to be performed to
properly support this claim. The most confounding factor to eliminate is the variability between
cells. An identical experiment needs to be performed using the same cell on both substrates. This
was attempted by coating only half of the substrate in PLL but has not yet been successful. Also
it is important to use the same parameters for each substrate. The much larger wait times used
for silicon could have hidden a possible time dependence at faster timescales. Indeed, if we accept
the argument by Baumberger et al. [28] previously mentioned, then we can expect a slight time
dependence for the static friction peak simply due to relaxation of cell closer to the substrate. The
main reason why these issues remain is that the friction of a cell on silicon is often so small that it
is drowned out by noise and so Fig. 4.8 is difficult to reproduce. The trend seen in Fig. 4.9 for PLL

however has been seen quite often and some of these datasets are presented in the appendix.

4.4 Stick-slip motion

Looking back to the polystyrene bead case in Fig. 4.1, it is obvious that the bead is fully
sticking to the substrate because the slope during each stick event is equivalent to the velocity of
the substrate. Finding true stick-slip behaviour like this while using a living cell is a direct way of
probing the dynamics of adhesion. The original idea behind this project was to study this stick-slip
behaviour while varying the velocity of the substrate in an attempt to find the transition between
sliding, chaotic stick-slip and possibly even periodic stick-slip motion. The variability between cells
made this goal very difficult to achieve. In most cases, the hardest challenge was to find a cell which
would adhere strongly enough during motion so that we could differentiate between a proper stick
event and the noise. Although the cells typically interact very weakly with pure silicon, Fig. 4.10
shows a clear example of seemingly chaotic stick-slip motion due to several peaks having a slope
equal to the velocity of the substrate. The stick-slip motion shown in Fig. 4.10 is consistent with a
friction measurement in the chaotic regime and does not necessarily indicate the presence of specific
adhesion. The cell had an initial contact of 10 seconds after which the substrate moved one section
of 200 pm at 0.2 pm/s and then retracted. The slower velocity of the substrate is likely a necessary

condition for stick-slip but was not sufficient to induce this behaviour in other attempted cases.
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Figure 4.10: Vertical pipette position (friction force) as a function of time graph showing stick-slip
motion of a HeLa cell on silicon.
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Choosing a substrate which favors strong specific adhesion was our approach for maximizing
the probability of biological stick-slip motion. This was the impetus for using PLL in the first place.
One of the very first trials provided the most exciting results. As opposed to the typical silicon

case pictured in Fig. 3.3, the cell adheres very strongly and becomes far more sheared during this

experiment as depicted in Fig. 4.11.

Figure 4.11: Phase-contrast images of Hel.a cell being sheared by substrate coated with PLL.

The data for this experiment is shown in Fig. 4.12. The initial contact of 100 seconds was
followed by a displacement of 100 pm at 0.1 pm/s as depicted in section (A). The substrate then
waits another 100 seconds before moving 100 pm back to its original position and waits another
100 seconds (B). The substrate repeats the pattern in sections (C) and (D). When the substrate
starts the last section however, the adhesion is strong enough to pull the pipette out of the field of

view where the graph ends (E). As with the previous graph, the cantilever was not calibrated at the
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time and as such we do not know the exact forces involved. However, the cantilevers made during
this period had spring constants in the 2-5 nN/um range and it is reasonable to assume a similar
value for these cases. We can immediately see that the scale of forces involved in biclogical adhesion
approaches the high nN range.

There are so many interesting things happening in Fig. 4.12 that it should come as no
surprise that much experimental efforts were made to reproduce such data. Much of these efforts
were concentrated on fabricating clean and uniform substrates, using different methods to coat
the silicon with PLL. Immersing the substrate in PLL overnight, or letting a drop of the solution
evaporate thereby ensuring the PLL was left on the surface. Different substrates were also tried,
such as glass from a glass coverslip and polystyrene coated silicon, both with and without PLL.
Slower velocities as low as 0.1 pm/s were also tried. Severe compression of the cell against the
substrate was also attempted in order to try and promote adhesion but without any improvement.
The length of contact before initial motion was also extended to 5-10 minutes in some cases, which
often increased the initial strength of static friction but without any effect on subsequent adhesive
behaviour. Unfortunately, the drastic behaviour seen in Fig. 4.12was only seen twice more during
a year of experiments without any clue as to the reason behind it, besides the possibility that it
was specific to those individual cells. Before leaving this chapter I will close with some remarks and
speculation. Section (A) shows the cell sticking with a force which seems to oscillate in magnitude.
When the substrate moves the other way (B), there is an initial stick followed by purely kinetic
friction. This could be explained by the fact that when the substrate changes direction the cell
rolls out of the pipette, presenting a different portion of its membrane to the surface. This new
area could have been devoid of adhesion proteins as they may have diffused into the first contact
area. When the substrate starts the third section of motion (C), the adhesion is even stronger and
increases as time goes on. This indicates that the cell is actively adhering to the substrate, possibly
by increasing the number of adhesion proteins in the contact area. During section (D), the cell
again rolls onto the same side as in the second section. This time however, we have stick-slip motion
which is increasing in magnitude, again pointing to receptor activity within the membrane. The last
section (E) is cut short due to the adhesion being so strong that the cell and pipette are dragged out
of the field of view. Overall, this graph illustrates the complex behaviour of the cell. Looking at each
section individually however, we can begin to disinguish either periodic or monotonic trends to this
behaviour. Finding a way to reproduce and control this behaviour is certainly a worthwhile scientific
endeavour, especially since this type of measurement is what truly sets this new micropipette friction

technique apart from typical adhesion experiments.
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Figure 4.12: Vertical pipette position (friction force) as a function of time graph showing stick-slip
motion of HeLa cell on PLL.
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Chapter 5

Conclusions

The study of biological systems is one of the fastest growing fields of science in the world
today. This accelerating rate of progress is in large part due to the advent of new analytical tools
initially being invented for other disciplines such as physics. One of the main goals of this project
has been to further develop the micropipette cantilever techniques started by Marie-Josée Colbert
roughly 5 years ago. By adding the secondary cantilever to our instrument it has become possible
to measure two forces simultaneously. Although this project has not delved very deeply into the
details of biological adhesion, it has demonstrated the versatility of our techique. The custom-made
micropipette cantilevers allow us to directly probe forces over five orders of magnitude, from 0.1 -
10000 nN. Our technique also allows us to observe the shear or compression deformation of the
object throughout the entire experiment. While the non-invasive nature of the technique makes it
especially suitable for studying living cells it can be applied to a wide range of other micron sized
objects as shown by the colloidal studies,

With any new technique however there are always experimental obstacles to overcome. The
majority of the results from the cell experiments lacked reproducibility. This was to be expected
however, since each cell is both complex and unique, controlling the experimental parameters be-
comes quite difficult. This prompted us to simplify the experiment by studying polystyrene beads.
The larger forces involved in the bead experiments made the results less prone to noise, leading to

a very clear relationship between the normal and friction force as was expected.

Reproducibiliy aside, many of the measurements obtained corroborate the potential of this
technique. The kinetic friction experiment on a HeLa cell produced very precise measurements of
both the friction and normal force allowing us to calculate the coefficient of kinetic friction between
the cell and silicon substrate. By varying the length of time for which the cell and substrate are at
rest with respect to each other we were also able study the time dependence of the maximum force
of static friction. These preliminary experiments indicate that the cells become more adhered to

a PLL-coated substrate as time goes on, whereas the adhesion to a pure silicon substrate remains
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relatively constant for the timescales being studied. This result signifies that the interaction between
the cell and silicon may be purely colloidal whereas specific adhesion may be responsible for the
time dependent forces between the cell and PLL. Studying this relation between time and adhesion
strength is precisely the avenue we wished to explore in the first place.

Whether this micropipette technique is used to study the dynamics of bond formation,
detachment, cell compression or shear, several refinements can be made. Reducing the plethora of
possible adhesion molecules by blocking certain receptors on cells or using coated beads is definitely
an important option to consider. Perhaps the easiest and most exciting improvement would be
to replace the current chamber which houses the cells and media with a temperature controlled
chamber. From a colloidal point of view, this would make it possible to study any entropic effects
such as steric hindrance. From a biological point of view, it could be used to study the kinetics of
bond formation or other cell functions. Adding piezo actuators to the substrate motion controllers
could also make it possible to study the substrate/cell interaction in the nanometer range and access
even slower lengthscales. Whatever the future holds for this nascent project it will likely evolve

considerably in the coming years.
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Appendix A

Appendix

A.1 Time dependence of adhesion for a HeLa cell on PLL

The cantilevers for all the examples in this appendix had spring constants in the 1-5 nN/pum

range.
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