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Abstract

The trapping height is an important quantity that influences the parameters measured by optical tweezers such as
the stiffness, the force and stability of the trap. In this paper, we propose a simple method using video
microscopy and based on tracking of particles positions in the axial and radial directions. The positional
fluctuations in the axial direction were used to estimate the trap height and determine the trap stiffness using
Boltzmann statistics. This method makes it possible to obtain simultaneously the trap stiffness and the trap
height. The entropy values of the information for each image allowed us to validate this method because of the
relation which exists between it and the axial displacements. Note that this method is simple and quick to
determine the height of the trap if it has not been estimated at the start or during the measurement.
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1. Introduction

The optical tweezers is a technique for measuring very small forces developed in the 1970s by Arthur Ashkin
(Ashkin, 1970). From a laser beam strongly focused by a microscope objective with a large aperture on a point in
the plane of the sample, a trap is created and allows to manipulate macroscopic particles. Once the trap is created,
two types of forces compete namely: the scattering force that pushes the particle along the direction of
propagation of the laser beam and the force of gradient that pulls the particle at the location of the highest field
intensity and thus represents a restoring force towards the focus of the focusing lens system (Grier, 2003). Thus,
the restoring force that holds the particle in a stable position is linear with the displacement, x, so that it can be
described by an optical equivalent of Hooke's law F = kx. Therefore, force measurements are usually divided
into two distinct steps: the determination of the stiffness k, or calibration of the trap, and the measurement of the
relative displacement x of the trapped particle (Buosciolo et al., 2004). The forces involved are evaluated as a
function of the size of the particle. It has become a very important tool in fields such as medicine, biophysics etc.
(Grier, 2003; Michel et al., 2017). However, the measured parameters such as axial displacement, trap stiffness,
trapping force and trap efficiency (Verdeny et al., 2011; Yale et al., 2016), depend on the distance between the
center of the trap and the glass surface at which the measurements were made due to spherical aberrations
(Rohrbach, 2005). This distance is called the trapping height. Thus, the trapping height becomes an important
factor to consider in the measurements when using an oil immersion objective. There are two methods to
calculate the trapping height (Neuman et al., 2005; Ghislain et al., 1994). The first uses the cutoff frequency of a
particle trapped at different positions of the slat relative to a fixed objective. From the viscous drag coefficient as
a function of height, we can get the relationship between the height of the trap and the coverslip. But this method
is based on the hypothesis that the rigidity of the trap is independent of the height. This is not the case when
using an oil immersion objective. The second method uses the observation of an oscillating axial signal of a
trapped particle as the glass surface moves away. Oscillations come from interference between the beam and its
reflection on the trapped bead. This requires a conversion factor for the moving signals. This takes a long time or
sometimes difficult to achieve. This shows that only the QPD detector was used to determine the trapping height.
It is also determined manually from a three-axis manual translation table that can be moved with greater
accuracy by a piezoelectric controller along these three axes.
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From one position to another in the axial direction, the image of the particle is different. To describe the motion
of the particle in the axial direction, the Shannon information entropy is used. The entropy value of an image of a
trapped bead characterizes the defocusing of the bead from the focus(Bao, Li, Lou, & Wang, 2004; Bao, Li, Lou,
Gong, et al., 2005).

As a result of these disadvantages, in this study, we propose a method based on the axial displacements of a
trapped particle using video microscopy to estimate the trapping height. This method is simple and does not
require a conversion factor beforehand.

2. Materials and Methods
2.1 Experimental Setup

For this study, the scheme of the experimental setup is illustrated in figure (Yale et al., 2018). We used an
optical tweezers consisting of a Laser diode (Thorlabs, PL980P33J) with a wavelength A = 980 nm and coupled
to an oil immersion objective (MRP01902, Nikon, Tokyo, Japan) of refractive index N = 1.5 focusing the laser
beam to create an optical trap. This lens has a numerical aperture of NA = 1.25 and a magnification of 100 X.
The emitted light beam arrives at a telescope to increase the beam coming out of the source and transported
through an optical fiber. This will cover the entire rear extent of the lens entry face.

The light beam is emitted and enters a telescope, in order to increase the width of the light beam coming out of
the source, and to allow it to cover the entire extent of the entrance face of the lens. It then passes through the
high numerical aperture 100 X oil immersion objective which creates a narrow beam size where particles are
attracted and trapped.
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—r

= = Imaging lens

Dichroic mlrror 'J_‘ Quadrant photodiode(QPD)

Laser (980nm)

Condenser
&
Sample " Lensl E
Objective lens %
B
Lens2 B
Dichroic mirror Beam steering mirror

Imaging lens ==

[] CCD camera
Figure 1. Schematic of the experimental setup (Yale et al., 2018)

This beam passes through the condenser which transforms the strongly divergent beams into parallel rays. The
forward scattered light transmitted by the particle is then reflected by a dichroic mirror on the surface of the
quadrant photodiode, producing a voltage signal. A white light source (LED) is used to illuminate our sample
chamber during the manipulation. The beam then passes through the microscope objective and is guided to the
CCD camera equipped with a mirror to eliminate stray reflections from the laser. The camera signal is then sent
to a video monitor.

2.2 Sample Preparation

For this manipulation, we used silica beads of 2 pm and 4.5 um diameter. We introduced 50 pl of the
concentrated solution of silica beads into 5000 pl of distilled water.

3. Methods
3.1 Trap Calibration

There are several methods in the literature for determining the trap stiffness k of the trap. In this study, we will
focus on the Boltzmann statistics for the calculation of the trap stiffness. Reconstruction of the optical potential
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using Boltzmann statistics can be used to determine any continuous trapping landscape in the region accessible
by thermal agitation (Osterman, 2010). At equilibrium, the probability density p(x) of the 1D particle position
is given by

—E(x)) )

where C is a normalization factor and E(x) is the trapping potential. The shape of E(x) can be obtained from

p(x)dx = Cexp (

the normalized histogram of the trapped particle positions as follows.

E(x) = kgT(—In(p(x) +1nC) 2
The contribution of dx is incorporated into C, the normalization factor, and represented in the second term in
equation (2). This term is an energy offset and is neglected assuming a zero potential at the center of the optical
trap. To determine the potential energy, the logarithm of the function fitted to the calculated distribution of
particle positions is taken and multiplied by —kzT (Yale et al., 2018). The resulting distribution is fitted by a
quadratic equation.

1
E(x) = Ekx2 3)
where k is the trap stiffness. Thus:
1
E(x) = Ekx2 = —kgT In(p(x) 4
—2kgT
k= sz In(p(x)) (5)

In the case of the commonly used Gaussian trapping beam [TEM],,, Which results in a harmonic trapping
potential, one can fit a parabola y = ax? + b to the data in the central region of the potential to extract the
trap stiffness and check for possible deviations from the perfect harmonic shape. The stiffness coefficient
k = 2a/kgT obtained in this way is more accurate than (3). Another advantage of such a calibration is that it
also gives information about the potential in the region away from the center of the trap, where the optical
potential is not non-harmonic (Osterman, 2010).

3.2 Methodology of Trapping Height Determination

When a bead is properly trapped, it remains at the same z-position when the stage is moved up and down. This
maneuver causes a variation in light intensity in the image of the microbead. It may become slightly blurred due
to the change in refraction of the medium. Then the bead can simply be returned to the original z-position for
data acquisition. One method of measuring the trapping height is to move the stage upwards once a high
intensity is observed within the trapped particle.

Figure 2 illustrates the methodology used in this work. Once the beads were trapped, using a turntable, the trap is
moved in the axial direction. This manipulation was carried out at laser power of 57.27 mW, 62.72 mW and 79
mW. The data was acquired with a high-speed (CCD) camera and recorded as video. Once the data was acquired
and recorded as video, it was processed and the extraction of the different positions of the microbeads was
performed by ImageJ software.
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Figure 2. Process for determining the trapping height

The free software Image-J was used to process each image from the recorded video. Figure 3.A shows the initial
image of the microbead with less contrast. For this purpose, the videos are processed according to the process
shown in Figure 2. Once the video is processed, the different positions occupied by the trapped particle can be
extracted and recorded. The relationship between the distances (measured in pixels) and the true measurable
distances (in micrometers) must be known before processing the data.

Figure 3. A) Initial image of a silica bead of 2 pm diameter trapped at 57.27 mW; B) Final image after treatment

2um

The positions of the particle in the axial direction are in pixels so it must be converted to pm. For the CCD
camera used in this study, the linear relationship between the distance (jum) and the pixels, gives an actual
distance which turned out to be 0.0416 + + 0.0001 um/pixel.

3.3 Information Entropy of a Microbead

Information entropy was initially used to describe the information contained in a message. It then increased and
was applied to characterize an image. An image is composed of j X k pixels, each corresponds to a gray scale. If
we assume that there are m pixels with the same gray scale as i(0 < i < n) where n is the total number of gray

scales in the image, the probability with which the gray scale value i appears in the image will be p; = J%k

where >, p; = 1. If all p; are known, the information entropy of the image can be deduced using the
following equation

H==)" pilog) ©)
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The image information entropy can characterize a bead and is strictly related to the defocusing of the microbead
from the laser focus. It has been used to measure the axial position of a trapped bead (Bao et al., 2004; Bao et al.,
2005).

4, Results and Discussions

In this work we varied the laser power at a fixed height and then varied the height for measurements at 57.27
mW, 62.72 mW and 79 mW for beads of 2 pm and 4.5 pm diameter (Figures 4, 5 and 6). After applying our
working methodology (Figure 2), the different positions of the particle in the axial and transverse direction were
extracted. This allowed us to obtain the typical potential well and the resulting fit are shown in Figure 7.

J @
! = 2um

Figure 4. Images of beads of 2 pm diameter trapped  Figure 5. Images of beads of 4.5 pm diameter trapped at
at a power of 57.27 mW at different heights a power of 62.72 mW at different heights,
A)h=55pm,B)h = 6 um A)h=41pm,B)h = 4.87 ym

Figure 6. Images of beads of 2 jum diameter trapped at a power of 79 mW at different heights
A)h=5pm,B)h = 58 um

Then, the axial and transverse positions were extracted. This allowed us to obtain typical potential well and the
resulting fit are shown in Figure 7.
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Figure 7. (2) and (c) Trajectory in the axial and transverse direction of a'2 M diameter micfobead, (b) and (d)
the potential well resulting from this trajectory and the fit of the 2 pm diameter microbead trapped with a laser
power of 57.27 mW

Estimating the trapping height is not as easy because the acquired videos are subject to noise or lack of
brightness and contrast. Therefore, careful processing of the videos is essential. After processing the videos, we
also used the center of the fluctuations in the axial direction to estimate the trapping height. The yellow line in
figure 8 shows the position of the particle at a height of 99.4 pixels.

o 100 200 700
{pm]

Figure 8. Positional fluctuation of a 4.5 pm diameter silica bead extracted with ImageJ at a laser power of 62.72
mw
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Then with the different axial positions, we estimated the height and calculated the trap stiffness. The parameters
of the trap are calculated and entered in Table 1:

Table 1. Summary of trap parameters measured in the X, y and z direction for laser power 57.27 mW, 79 mW for
the bead for 2 pm and 62.72 mW for 4.5 pm

Laser Height (pixels) Height Trap Trap Trap
power (pm) Stiffness Stiffness Stiffness
(MW) k. (N'm)  k, (N/m) Kk, (N/m)
57.27 132 5.5 2.27E® 2.60 E® 1.84E%
144 6 2.03E% 2.09E® 1.37e%
62.72 99 4.1 3.02E® 3.25E%° 2.04E%
117 4.87 2.58E"° 2.95E® 224 E%
79 121 5 7.96E° 6.83E® 337E%
140 5.8 6.86E° 5.46 E® 1.32 %™

We observe that the trap stiffness increases with increasing laser power and decreases with increasing height
(Table 1).

The trap stiffness in the transverse and axial direction obtained after the reconstruction of the potential well from
this experiment is of the order of 1072 N/m and 10™* N/m.

The trap stiffness increases with the laser power. The trap stiffness in the transverse direction (x and y) is greater
than that in the axial direction (z), i.e, k, = k,, > k,. This shows that our device is well aligned.

Figures 4, 5 and 6 show us the images of trapped beads at different laser power and height above the glass
surface. The distribution of the light intensity in the image is a function of the height at which the particle was
trapped. Thus, to evaluate the irregularity in these images, we have opted for the calculation of the information
entropy of these images. It can be seen as a measure of the uncertainty of an event according to the knowledge
we have. It is a value that quantifies this uncertainty. Using equation (6) on Matlab, the entropy of these images
has been calculated and listed in Table 2.

Table 2. Entropy values of images of microbeads trapped at different heights at laser power of 57.27 mW, 62.72
mW and 79 mW

57.27 mW 62.72 mW 79 mW
Height (pm) Entropy Height (jam) Entropy Height (pm) Entropy
55 7.44 4.25 6.98 5 7.12
6 7.55 4.87 7.32 5.8 7.26

Entropy values vary with the axial position of the trapped particle. In work (Bao et al., 2005), a 3 pm diameter
polystyrene bead adhered to the sample chamber and entropy values decreased with axial position in a linear
range. The bead was moved in 10 nm steps and the linearity range is between 2 nm and 9 nm. These values are
less than the bead's radius, so the bead hasn't really moved away from the glass surface. In our case, we worked
with a 2 pm and 4.5 pm silica bead. In both cases, we find that the entropy values increase as the bead moves
away from the glass surface and therefore with increasing axial position and trapping height for our
measurements. It is important to mention that the bead does not adhere to the surface of the glass. We can say at
steps larger than the radius of the bead, the linear relationship between axial position and entropy is not inverse
but increasing.
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(a)h=4.5um,H =4.35 (b) h=5.12 ym, H = 4.50 (¢) h=6.04um,H =4.63
Figure 9. Image of the bead at different positions

Below the pictures, the trapping height and the corresponding information entropy is given.

Figure 9 shows images of a 4.5 um diameter bead at different trapping heights. The diffusion around the bead
becomes stronger when it is on the surface. The plot of the variation of entropy as a function of the trapping
height confirms that the increasing relationship (Figure 10.b). This is due to the strong fluctuations of the
particles when we trap on the surface, showing that the disorder is high on the surface.

The experimental study between the experimental trapping height determined from our method and the height
given by varying the piezoelectric stage with the step of 5 pm in the axial direction, show that there is an
increasing linear relationship between the two. Although the proportionality between the two is very small
compared to 1, the linearity exists (Figure 10.a).
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Figure 10. (a) Relationship between trapping height (jum) experimental and theoretical height, (b) Relationship
between entropy and trapping height

The radius of the trapped particle in the different acquisitions increases with the trapping height (figure 11). This
shows that when the trapping is done on the surface or in depth it has an impact on the size of the particle in the
image.
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Figure 11. The variation of the bead radius as a function of the trapping height

The radius of the trapped particle in the different acquisitions increases with the height of trapping. This shows
that whether the trapping is at the surface or at height it has an impact on the size of the particle in the image.
The size of the particle appears larger as the particle moves away from the top glass surface. This is due to the
fact that when the particle is trapped on the surface, the scattering around the trapped particle becomes larger.
The explanation for this is probably due to the strong fluctuation of the particle when influenced by Brownian
motion.

5. Conclusion

The approach, proposed in this study, is based on a simple method of tracking and measuring the positions of the
particles. This allowed to determine the height and the trap stiffness for different laser powers. The stiffness
showed an inverse linear dependence on the height. This method allows the trap height to be determined without
prior knowledge of the initial particle position when the particle is on the lamella. The different values of the
entropy of the image information also made it possible to know whether the particle is moving away from the
lamella or towards it. This method is simple and can be used by specialists and even non-specialists of the
optical tweezers.

However, if the noise in the data and images is under or over estimated, this may eventually change the pixel,
entropy and height values. The entropy being a function that is not assigned a unique value of the axial position
of a ball will be modified. Once the type of noise is detected, using the appropriate denoising method, this will
give good results. For those containing several types of noise, a combination of several denoising methods can
be used. The effect of noise is a parameter that must be taken into account in this study.
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