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Abstract

The role of mechanical properties is essential to understand molecular, biological
materials and nanostructures dynamics and interaction processes. Atomic force mi-
croscopy (AFM), due to its sensitivity is the most commonly used method of direct
force evaluation. Yet because of its technical limitations this single probe technique
is unable to detect forces with femtonewton resolution. In this paper, we present the
development of a combined atomic force microscopy and optical tweezers (AFM/OT)
instrument. The system is based on a commercial AFM and confocal microscope. The
addition of three lasers along with beam shaping and steering optics, on which the
optical tweezer is based upon, provide us with the ability to manipulate small dielec-
tric objects suspended in a fluid. Additionally, this same device allows for direct dis-
placement and force measurement with very high resolution and accuracy in the same
AFM scanning zone. We have also fitted a laser and a set of filters to observe fluores-
cent samples appropriately exited. We show that this is a great improvement of
a standalone AFM force resolution and more so opens a way to conduct experiments
using a hybrid double probe technique with high potential in nanomechanics, mole-
cules manipulation and biological studies. This paper describes in detail the construc-
tion of all the modules such as the trapping laser optics, detection laser optics and the
fluorescence module. Also, due to its importance on the performance of the equip-
ment, the electronics part of the detection system is described. In the following chap-
ters the whole adjustment and calibration is explained. The performance of the appa-
ratus is fully characterized by studying the ability to trap dielectric objects and quan-
tifying the detectable and applicable forces. The setting and sensitivity of the particle
position detector and force sensor is shown. We additionally describe and compare
different optical tweezer calibration methods. In the last part we show the ability of
our instrument to conduct experiments using the proposed double-probe technique, in
this case to study interaction forces between two particles.
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Abstrakt

Pomiary wlasnosci mechanicznych i sit w mikro- i nanoskali maja bardzo wazne
znaczenie w badaniach dynamiki i oddziatywan materialéw biologicznych i nano-
struktur. Mikroskopia sit atomowych (ang. AFM), z uwagi na swoja czuto$¢, jest naj-
czesciej uzywang technika do bezposredniego pomiaru sit. Jednak z powodu swoich
ograniczen nie jest w stanie mierzy¢ sit w zakresie femtonewtondéw z odpowiednia
rozdzielczo$cig. Takie mozliwosci stwarza metoda optyczna oparta na tzw. szczyp-
cach optycznych (ang. OT). Z drugiej strony, z uwagi na fizyczne ograniczenia tej
metody, pomiary charakteryzujace powierzchnie oddziatywujace w niewielkich odle-
glosciach, nadal wymagaja stosowania mikroskopii sit atomowych. W naszej pracy
opisujemy unikalng konstrukcje hybrydowa opartg na potaczeniu obu technik w jed-
nym systemie. Stworzony system AFM/OT pozwala na bezposrednie pomiary prze-
mieszczenia oraz sity z bardzo duzg rozdzielczoscia 1 doktadnoscig w obszarze dzia-
tania sondy AFM. Dodatkowo system zostal wyposazony w elementy optyczne po-
zwalajace na pobudzanie i detekcje fluorescencji. Wykazujemy, Ze ten instrument
istotnie poprawia zakres i rozdzielczo$¢ sit mierzonych za pomoca standardowego
mikroskopu AFM, jak rowniez otwiera droge do prowadzenia eksperymentow z uzy-
ciem hybrydowej techniki dwoch sond, majacej wysoki potencjat zastosowan w na-
nomechanice, badaniach biologicznych i nanomanipulacji.

Praca przedstawia szczegoty konstrukcyjne zbudowanych modutéw szczypiec op-
tycznych, jak i uklad elektroniczny pozwalajacy na precyzyjne pomiary przemiesz-
czen obiektow uwiezionych przez szczypce optyczne. W kolejnych rozdziatach jest
przedstawiona procedura dostrajania ukladu optycznego i metodyka kalibracji.
W ostatniej czgéci przedstawiamy, na przyktadzie pomiaru oddziatywan bliskiego
kontaktu dwoch czastek koloidalnych, potencjat naszego instrumentu do prowadzenia
pomiarow z jednoczesnym uzyciem techniki dwoch sond (AFM/OT).
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Introduction

Force has a crucial role in physical, chemical and biological processes. The
knowledge of mechanical forces involved in single molecules, nanomaterials and bio-
logical objects activities is fundamental in understanding their structure, function and
behaviour. The study of forces involved in molecular and nanomaterial interactions
represents one of the most interesting contemporary challenges. Several techniques
have been recently used to measure directly the forces required to unbind molecules,
the surface forces responsible for nanoparticle stability, and to quantify mechanical
properties of biological tissues and cells. Over the last few decades atomic force mi-
croscopy (AFM) has been the technique most frequently used to measure interaction
forces of molecules and nanomaterials [2]. AFM is an evolution of scanning tunnel-
ling microscope (STM) that immediately gained popularity thanks to its ability to ana-
lyse soft and electrically non-conductive material [3]. Initially, AFM was developed
for nanoscale imaging purposes, where a topographical reconstruction is obtained by
scanning the sample surface using a tip fixed on a flexible cantilever. The spatial res-
olution has been enhanced using very sharp probes. Over the years, numerous imple-
mentations have been proposed which have allowed this equipment to cover a broad
range of applications starting from electrical to force measurements. Thanks to the
technical development of AFM instrumentation, such as the introduction of the piezo
stage and microfabricated cantilevers, remarkable improvements in force measure-
ments have been achieved [4, 5]. On the other hand, atomic force microscopy has
limited use for examining small forces because its sensitivity is strictly dependent on
the laser beam properties and the mechanical property of the probe [6]. The back-
ground noise of AFM arises from a number of environmental and instrumental factors,
mainly from the intensity and shape of the laser beam incident on the surface of the
probe and the thermal excitation of the cantilever and it cannot be totally removed. If
a soft cantilever with small spring constants in the range of 0.1-0.01 N/m is used, the
typical detectable force range is between 10 piconewton (pN) and 10* pN, with a spa-
tial and temporal resolution from 0.5 nanometer (nm) to 1 nm and 10 s respective-
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ly [7]. Due to these technical limitations, AFM is of limited usefulness in the study of
the dynamic of processes in which very low forces are involved (typically on the order
of few femtonewtons).

Over the years many technigues have been developed in order to manipulate mi-
cro-objects suspended in water, such as magnetic and ultrasound traps. Unfortunately
most of them have very limited usage due to their experimental limitations, like the
necessity to use specific materials for magnetic traps to work. Among of many ideas,
Optical Tweezers (OT) stand out for their high resolution and flexibility [7]. Optical
tweezers are a technique capable of trapping small particles using the forces generated
by laser radiation pressure. The concept of pressure from the propagation of light is at
the core of optical tweezer's technology and was hypothesized several centuries ago.
Until the 1960s it was not possible to use radiation pressure generated by light in order
to modify the position of matter, but in those years the advent of lasers provided a light
source with the appropriate properties to generate a light trap and the rise of nanotech-
nology gave the opportunity to synthesize, modify and control materials in the nano-
metric scale. These two factors opened the way for optical trapping. Arthur Ashkin is
the developer of ‘single-beam gradient force trap’, the technique that we now call
optical tweezers [8]. In the 1970s Ashkin studied interactions between micromaterials
and light and he was able to trap particles in a confined three-dimensional space using
the forces of light radiation. In the following years, Ashkin was able to demonstrate
that it is possible to apply forces in the piconewton scale on small dielectric micro-
spheres by focused laser beams using a high numerical aperture microscope objec-
tive [9]. Today Optical traps can be used to manipulate and study not only dielectric
spheres with dimensions in the micron range, but also metal particles and single mo-
lecules in the range of nanometers. Additionally, the shape and polarisation of the
trapping potential can be modified to match the needs of a specific experiment [10].

1.1. Theoretical background

The force on a dielectric particle is strictly related to the change in light momen-
tum due to the refraction of light by the object, so light can exert a force on all objects
that refracts or reflects the beam [9]. Due to the nature of optical rays, there are a mul-
titude of forces involved in the system that result from multiple reflections and refrac-
tions of optical beams from the surface of the trapped object.
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For stable trapping in all three dimensions, the axial gradient component of the
force pulling the particle towards the focal region must exceed the scattering compo-
nent of the force pushing it away from that region. This condition necessitates a large
steep gradient of light intensity, produced by a trapping laser beam sharply focused to
a diffraction-limited spot using an objective of high NA. As a result of this balance
between the gradient force and the scattering force, the axial equilibrium position of
a trapped particle is located slightly beyond the focal point. For small displacements
(~150 nm), the gradient restoring force is simply proportional to the offset from the
equilibrium position (i.e., the optical trap acts as Hookean spring whose characteristic
stiffness is proportional to the light intensity) [11].

One of the fundamental requirements of this system is the use of particles having
a higher index of refraction than their neighbouring medium. The index of refraction
ratios (1p/nw) should be higher than 1.1. According to Snell’s law, when the light com-
ing from a medium passes into a dielectric material with low refractive index the rays
are deflected.

The typical optical tweezers configuration where a focused laser beam passes
through a polystyrene microparticle with higher diameter than the incident light wave-
length (a > A) is schematized in Fig. 1.1.

The particle behaves as a convergent lens refracting the light and the ray optics
treatment can be used to explain the nature of forces involved in the trapping. The
force due to the scattering pushes the bead in the same direction as the light propaga-
tion, the gradient forces due to the refraction pull the bead in the opposite direction.
Because of the refraction and the scattering of the rays the polystyrene bead is at-
tracted to the point where the light is focused. If an external force pushes the particle
away from the centre of the trap, the refracted light path changes and the gradient
force, due to the change of the momentum, replaces the sphere into the initial position.
The system achieves a stable condition when the gradient force is large enough to
overcome the scattering force and when the total energy involved in the trapping pro-
cess is bigger than the thermal energy of the trapped object [12].

When the trapped sphere is much smaller than the wavelength of the trapping la-
ser, i.e., a < 4, the conditions for Rayleigh scattering are satisfied and optical forces
can be calculated by treating the particle as a point dipole. In this approximation, the
scattering and gradient force components are readily separated. The scattering force
is due to absorption and reradiation of light by the dipole. For a sphere of radius a,
this force is [11]:
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where lo is the intensity of the incident light, o is the scattering cross section of the
sphere, ny is the index of refraction of the medium, n, is the index of refraction of the
particle, c is the speed of light in vacuum and 4 is the wavelength of the trapping laser.

LASER BEAM

Ravb

Figure 1.1. Schematic diagram showing the optical tweezers ray optics model. A transpa-
rent polystyrene microparticle is illuminated by a focused Gaussian laser beam. The forces on
the dielectric spherical bead due to scattering and refraction of light rays are balanced. Inset is
a graphical representation of the influence of the index of refraction in the deflection of rays
at the water-particle interface and the splitting of incident ray in two component: scattered ray
and refracted ray.
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The scattering force is in the direction of propagation of the incident light and is pro-
portional the intensity. The time-averaged gradient force arises from the interaction
of the induced dipole with the inhomogeneous electromagnetic field:

_ 2mo
Foraa = = Vi, (1.4)
where
m?—1
_ .2 .3
o=n5a (m2 +2), (1.5)

is the polarizability of the sphere. The gradient force is proportional to the intensity
gradient, and points up the gradient when m > 1. When the dimensions of the trapped
particle are comparable to the wavelength of the trapping laser (a ~ 2), neither the ray
optic nor the point-dipole approach is valid. Instead, more complete electromagnetic
theories are required to supply an accurate description. Unfortunately, the majority of
objects that are useful or interesting to trap, in practice, tend to fall into this interme-
diate size range (0.1-10 A). As a practical matter, it can be difficult to work with ob-
jects smaller than can be readily observed by video microscopy (~0.1 um), although
particles as small as ~35 nm in diameter have been successfully trapped. Dielectric
microspheres used alone or as handles to manipulate other objects are typically in the
range of ~0.2—5 pum [11].

The trap force applied by the optical tweezers to the trapped particle behaves as
a harmonic spring and can be described by the following equation:

F = kx, (1.6)

where F is the applied force, x is the particle displacement from the centre of the trap
and k is the spring constant. In order to use optical tweezers as a quantitative force
sensor it is necessary to calibrate the trap stiffness measuring the displacement of
a sphere in the trap when known external forces are applied to the particle [13].

The ability to manipulate single molecules, attached to trapped micro or nanopar-
ticles, with high resolution and to measure forces with femtonewton accuracy opened
the way to the study of several important new topics using optical tweezers [14-16].

Biologists were able to take immediate advantage of optical tweezers using this
apparatus as a tool to study several biological systems and single molecules [17, 18].
Optical tweezers have been used for single molecule studies of biopolymers, where



14 1. Introduction

single molecules of DNA, RNA or proteins have been twisted, stretched [19] and un-
folded to measure its mechanical properties [20]. The ability to measure forces at low
scale has also been used in the study of the kinetics of motor proteins like RNA poly-
merase, myosin and kinesin [16, 19]. Optical tweezers have been used in studying
intracellular organelles' movement [21], in cell sorting [22] and flow virometry [23].

Over the years the use of optical tweezers has been opening new perspectives in
several branches of physics. Optical tweezers have been used to study the movement
of micro and nanoparticles in colloidal systems at different time scales starting from
Brownian to ballistic motion [24] and the rotation of non-symmetric objects [25]. Op-
tical trap can also be used to calculate the impact of surface modification on surface
forces and drag coefficients of nanoparticles [26], to study rheology [27, 28] and the
forces involved in single particle collisions and aggregation [29].

The aim of the present work is to demonstrate the possibility of extending the
capability of a commercial AFM system by combining it with optical tweezers. It per-
mits obtaining a high-quality imaging instrument able to trap and modify nanometric
materials and to measure force in the subpiconewton scale. In this perspective, we
have designed, built and calibrated an integrated AFM-optical tweezers apparatus. An
exhaustive description of the AFM-optical tweezers setup is given in this article. We
proved the instrument performance that allows us to manipulate single polystyrene
particles. We analysed the quadrant photodiode detector noise and its response to the
displacement of a particle from the centre of the trap. The movement of the piezo
stage was used to measure the optical tweezer's behaviour and to calculate trapping
force using the drag-force calibration method. The calibration procedure was con-
firmed by comparing the previously obtained results, from the external force calibra-
tion, with those achieved using the equipartition method. The knowledge of optical
trap stiffness is fundamental in single molecules, biological and single colloidal object
studies to provide a comprehensive quantitative value of the forces involved in mole-
cules and nanomaterials interactions.



Experimental setup

2.1. Optical Tweezers setup

A hybrid AFM/Optical Tweezers apparatus, capable of trapping a single micro-
metric object and to measure forces with femtonewton resolution was built. The ex-
perimental setup is shown in Figs. 2.1 and 2.2. Our optical tweezers instrument is
based on the inverted microscope (1X71, Olympus Optical Co. Ltd, Tokyo, Japan) of
an AFM system (Ntegra Spectra, NT-MDT, Limerick, Ireland). The system uses three
different lasers, each preforming a different task. A 1064 nm Nd:YAG diode pumped
solid state laser, with a maximum output power of 2 W (Cobolt Rumba CW 1064 nm
DPSSL, Cobolt, Solna, Sweden) along with beam condiditoning elements, is em-
ployed to create an optical trap that could confine single objects in colloidal systems.
Several factors contributed to the choice of trapping laser wavelength. Usually, bio-
logical matter like living cells has relative transparency in the near infrared region.
Biological chromospheres absorb increasingly less light in the infrared range and wa-
ter absorbs more strongly at the highest value of wavelength (4 > 2000 nm). Studies
on cells have shown that the interaction with a laser beam in the range of wavelengths
of 800 nm to 1100 nm does not affect cell growth [30]. Hence, a Nd: Y AG laser source,
able to generate a 1064 nm wavelength Gaussian beam, was chosen because it pro-
vides the suitable power, wavelength and profile to trap colloidal particles and bio-
logical material avoiding heat-related damage.

The second, a 633 nm He-Ne laser (25 LHP 991, Melles Griot, Irvine, California,
USA) is the core of our most sensitive detection system. This type of laser was chosen
for its superior beam quality and low noise, which are essential in order to achieve
high spatial and temporal resolutions of the object position within the optical trap. The
purpose for not using the trapping laser for this purpose is to make the detection sys-
tem independent of the trap settings. Due to the nature of the signal converters, such
as photodiodes and transimpedance amplifiers, the signal to noise ratio (SNR) will in
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part depend on the amount of light that is reflected from the trapped particle. There-
fore, if the same laser source was used for both trapping and detection, the SNR would
additionally be a function of the trapping laser power, or the trap stiffness. This would
not only make the data analysis and error assessment unnecessary difficult, but also
degrade the detection system performance at very low and very high trap powers due
to low SNR and limitations of the photodetectors both dynamic range and linearity.

The third a 532 nm wavelength pulsed laser (NL202, Ekspla, Vilnius, Lithuania)
is used to excite fluorescent materials for imaging purposes. It has a maximum pulse
frequency of 1 kHz. This particular wavelength was chosen because many fluorescent
dyes, such as fluorescein or JOJO-1 that are frequently used to tag microparticles or
biological materials such as DNA, have their absorption maximum close to the 532 nm
wavelength.

The base of our optical tweezers is an inverted optical microscope which is part
of a commercial atomic force microscope. This set-up allows us to combine optical
tweezers with AFM. The AFM piezo stage controlled by a computer gives the oppor-
tunity to displace the trapped particle and to control sample position with subnanome-
ter accuracy. In order to decrease mechanical perturbations the instrument is mounted
on an optical table with both passive and active vibration isolation. A computer is used
to control the piezo stage movements, the light power and to collect and analyze nu-
merical data.

The base of the instrument is an inverted optical microscope (Fig. 2.3). Mounted
to it is the precision piezo-stage which can move the sample in X and Y directions
(which are perpendicular to each other and the optical axis), and from the bottom the
oil-immersion objective (UPlanFI, Olympus Optical Co. Ltd, Tokyo, Japan) which
has 100x magnification and a numerical aperture of 1.30 and can be moved along the
Z axis. Above the sample there is place for the AFM head and light source. All the
lasers employed in this apparatus, 532 nm (Laser Source 1), 633 nm (Laser Source 3)
and 1064 nm (Laser Source 2) must have individually set beam parameters, such as
diameter, polarization, divergence, and must enter the microscope objective while
sharing its optical axis. The Dichroic Mirror 1 couples the three laser paths from the
main periscope to that axis. Also, on the microscope there is an intensified high speed
camera (HiCAM 500; Lambert Instruments, Leutingewolde, The Netherlands), that is
used for visualization of the trapped objects and their surrounding in both white and
fluorescent light. The Filter 1 placed before the camera cuts off any back scattered
light from all the lasers that would normally swamp the camera with noise.

The laser paths use several mirrors and a periscope to direct the beam into the
microscope (Fig. 2.4). The Dichroic Mirror 4, in the main periscope, is used to couple
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the fluorescent laser light in the optical axis of the trapping and detection lasers. Beam
Expander 1 provides a suitable excitation beam shape in order to have equal power
density in the whole aperture in the focus plane of the objective.

White Light
AFM Cantilever | ens

v Sample
AFM Piczo Stage >

Objective

Dichrole Mirror 1 ||‘ o ain
Periscope
(Figure 2.4)

Filter 1

Mirror 2

CMOS Camera

Figure 2.3. Basic elements of the microscope. The Dichroic Mirror 1 is used to couple all
the lasers of the trap to the optical axis of the microscope and the objective itself. The Filter 1
is used to filter out the remnants of the scattered lasers light from the camera image.

The beam of the main trapping laser (Laser Source 2) has to be modified in order
to have an appropriate shape and power to form a stable and adjustable trap (Fig. 2.5).
Additionally, its power output has to be monitored in the course of the experiment.
The laser head is mounted on a water cooled heat sink with temperature stabilization
in order to eliminate any heat related drift. Forced air cooling is not advisable since
fans produce a lot of vibrations that get coupled to the optical table and thus in the
whole device. The Half-Wave Plate 1 is mounted on a motorized rotation stage and
along with Polarizer 1 acts as an adjustable power regulator. The excess laser power
is reflected in to a beam Dump 1. Additionally, part of that power is reflected by
a Glass Plate on to a Photodiode that provides a feedback system to monitor the output
power of the attenuator. The part of the laser power that passes through the polarizer
gets expanded by Beam Expander 2 in order to form a beam diameter that will overfill
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the back aperture of the objective. After that it gets coupled in to the beam path of the
detection laser by Dichroic Mirror 9.

Laser Source 1
(4532 nm)

Mirror 7

To trapping
and

detection laser
(Figure 2.5)

Figure 2.4. Main periscope. It is used to direct the lasers to the optical microscope. Di-
chroic Mirror 4 is used to couple the 532 nm fluorescence excitation laser to the main optical
path of the OT. Mirror 5 and 6, make a secondary periscope.

Dichroic Mirror 9

To detection laser
(Figure 2.6)

To main periscope
(Figure 2.4)

Photodiode

Polarizer S

Half-Wave Plate 1 »

Laser Source 2
(+»1064 am)

Figure 2.5. Trapping laser conditioning and coupling. The Half-Wave Plate 1 is mounted
on a motorized rotating stage and can be controlled by the computer.
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The detection of the particles position within the trap is performed by imaging, on
to a quadrant photodiode, the diffraction pattern of the detection laser light backscat-
tered form that particle (Fig. 2.6). This kind of configuration is much more compli-
cated that the more common one, in which the laser light is gathered by a condenser,
yet this is compensated by the fact that the space on the other side of the sample is
free. This allows for the AFM head to be placed on the upper side of the sample and
thus enable us to use both techniques at the same time. The beam of Laser Source 3 is

Quadrant Photodiode

CCD Camera

Polarizing

Mirror 10
. Beam Splitter 2

Half-Wave Plate 3

Filter 2
Polarizing
Beam Splitter 1

Mirror 11 To trapping
laser
(Figure 2.5)

Half-Wave Quarter-Wave
Plate 4 Plate 2
Damp 2
Mirror 12 Mirror 13

Laser Source 3
(+=633 nm)

Figure 2.6. Schematic of the detection laser path.
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directed to the main optical axis, and passes through the Half-Wave Plate 4 which acts
as a power regulator along with Polarizing Beam Splitter 1. Then the linear laser po-
larization get converted to a circular polarization by the Quarter-Wave Plate 2 and
travels along the main optical axis to the objective and the sample. There on the
trapped object it gets reflected and travels back along the same optical path, but now
with an opposite rotation of its polarization vector. When its goes through the Quarter-
Wave Plate 2, it get converted back to a linear polarized light but with a 90° shift and
thus gets reflected by Polarizing Beam Splitter 1 on to the optical part responsible for
the detection. Filter 2 cuts out any possible remnants of the trapping laser light.
A CCD camera (CV-M10 RS, JAI, Yokohama, Japan) is used to image the interfer-
ence pattern which helps in adjustments and in validation if a correct object was
trapped (e.g. it is very easy to distinguish when a single particle is trapped or more
than one just by looking at the pattern shape, while it is not so obvious on the micro-
scope image with fluorescent or white light illumination). The main position detector
is a Quadrant Photodiode (QPD, S4349, Hamamatsu Photonics Inc., Hamamatsu, Ja-
pan). The division of light power between the camera and the QPD is done by Half-
Wave Plate 3 and Polarizing Beam Splitter 2.

The quantitative position and force analysis were carried out by measuring the
shift of the backscattered light by the quadrant photodiode (Fig. 2.7). The detector is
made up of four identical photodiodes arranged in a quadrant array. Every quadrant
behaves like a single photodiode and generates an electrical current proportional to
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Figure 2.7. Schematic diagram of a quadrant photodiode. The detector surface is divided
in four independent quadrants that generate four electrical signals. The yellow circle represents
the incident backscattered light beam. The produced signals voltage depends on the quantity
of collected light. For a particle perfectly centered in the trap, the resulting backscattered beam
is directed to the middle of the quadrant photodiode.
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the intensity of light induced on it. A specially built amplifier converts that current
into voltage and amplifies it. The generated voltage, which is linearly proportional to
the light, is measured by a data acquisition card (PCI-6036E, National Instruments
Co., Austin, Texas, USA). If the particle is perfectly centered in the optical trap the
laser beam diffraction pattern (Fig. 2.8), formed by the backscattered light, is on the
center of the quadrant photodiode and the output signals values from all four quadrant
are equal. If the trapped object is displaced from the center of the trap, the diffraction
image on the QPD will also shift in a direction consistent with the particle's displace-
ment, thus the light intensity on individual quadrant will not be equal to each other.
By measuring the difference in the output signals of the QPD we can calculate the
particles position within the trap with great precision.

(%)

Figure 2.8. Diffraction image (750 x 600 pixels) of the backscattered light forma 1 pm
particle in the center of the optical trap. The same image is projected on to the center of the
Quadrant Photodiode.

The photodiode converts light in to current witch in turn has to be converted in to
voltage by a transimpedance amplifier, in order to be measured by the acquisition
hardware. Since these currents are very small, in the order of hundreds of nA, the gain
the amplifier has to be in the order of 10° while at the same time it will have to have
a bandwidth of at least 50 kHz and have low noise. Such an amplifier was not available
commercially so it was constructed by the author (Fig. 2.9). All single photodiode
quadrants are treated separately and have their own dedicated signal paths. The only
exception is the reverse bias voltage applied to the common cathode (Fig. 2.10). Re-
verse bias reduces the capacitance of the photodiodes and therefore increases fre-
guency bandwidth and reduces noise. The signal from a single photodiode anode is
buffered by a FET transistor (Q1, BF862, NXP Semiconductors, Eindhoven, The
Netherlands) in the source follower configuration (resistors R1 and R2), which pro-
vides high input impedance, which is essential in measuring low current signals.
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Figure 2.9. A diagram showing the optical signal detecting circuit for one single quadrant
of QPD. The signal from the diode is converted by a transimpedance amplifier to calculate the
relative position of the backscattered incident light beam in the QPD sensor. The whole optical
signal detecting circuit consists of four photodiodes.
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Photodiode Blas

Figure 2.10. Schematic of the bias voltage supply tor the common cathode.

The high speed, low noise operational amplifier (U1, AD817, Analog Devices Inc.,
Norwood, Massachusetts, USA), in an inverting configuration, along with a negative
feedback loop formed by resistor R3, amplifies and converts the photodiode current
into voltage that is proportional to the light intensity. The capacitor C1 compensates
for the photodiode capacitance and provides stability to the feedback loop. It is con-
nected by the resistor divider formed by R4 and R5 that allow using higher value
capacitors which is more practical. Direct current accuracy of the system is achieved
by an additional low noise, high accuracy, operational amplifier (U2, OP177, Analog
Devices Inc., Norwood, Massachusetts, USA), which drives the non-inverting input
of U1, and therefore compensating its error. The offset voltage of the whole amplifier
is adjusted to zero by means of the RV1 multi-turn potentiometer. The output signal
of this amplifier additionally goes through a second order Butterworth filter and am-
plifier before being applied to the data acquisition card. The bandwidth of this circuit
is set to 50 kHz to match the bandwidth of the acquisition card, and the overall trans-
impedance gain is IMV/A.

The acquisition software computes two different output signals (Sy and Sy) made
by combining the voltages generated by the four photodiode amplifiers (V;, V,, V3, V,).
The Sy and Sy output signals are obtained from the following equations:

%
SX = FX,
@.1)
V;
Sy = _Y
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where

Vy =WV + V) —(Vy +V3),
Wy=W1+ V)= (V3+ 1), (2.2)
P:V1+V2+V3+V4.

Signals Sy and Sy are proportional to the X and Y position of the incident beam.
If the particle is perfectly centred in the optical trap the laser beam is reflected on the
center of the quadrant photodiode and the output signal values are zero. If the trapped
object is displaced from the center of the trap, the backscattered light is not reflected
in the middle of the quadrant photodiode and the signal values change. The light scat-
tering of the sphere provides information about particle position when it is trapped in
the focal point of the trapping laser beam.

The instrumental parameter control and data acquisition is performed by a dedi-
cated program (Fig. 2.11) written by the authors in LabVIEW (LabVIEW Professional
Development System 2013 Version 13.0f2 32bit, National Instruments Co.,
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Figure 2.11. Screen capture of the acquisition software for the optical tweezers.
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Austin, Texas, USA), Nova (Nova, NT-MDT, Limerick, Ireland) and the supplied
camera software. The collected data are exported to Matlab (Matlab 8.3 R2015a, The
MathWorks Inc., Natick, Massachusetts, USA) and Origin (Origin 9.0, OriginLab
Corp., Northampton, Massachusetts, USA) software for further processing and statis-
tical treatments.

2.2. Materials

All chemicals used were of analytical grade purchased from commercial suppliers.
The experiments were performed using polystyrene particles with diameter of 1.0 pm
dispersed in aqueous solution (Fluoro-Max Dyed Red Aqueous Fluorescent Particles,
Thermo Scientific Inc., Fremont, California, USA). The microfluidic channels were
fabricated out of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corp.,
Midland, Michigan, USA) by soft lithography. Surface-oxidized cover glass, obtained
by exposing cover slips (24 x 24 mm, Carl Roth GmbH, Karlsruhe, Germany) to
oxygen plasma (Zepto B, Diener Electronics GmbH, Ebhausen, Germany), was used
to seal the PDMS channels. Acrylamide (AAm, Sigma Aldrich, Poznan, Poland),
N,N’-methylene bisacrylamide (BIS-AAmM, 99.5%, Sigma Aldrich, Poznan, Poland),
ammonium persulfate (APS, 98%, Sigma Aldrich, Poznan, Poland), N,N,N’ N’-tetra-
methylethylenediamine (TEMED, 99%, Sigma Aldrich, Poznan, Poland) were used
without further purification to synthesize polyacrylamide hydrogel. All solutions were
prepared using ultra-pure water with conductivity of 0.056 uS cm™!. Water was de-
ionized using a Hydrolab HLP purification system (HLP 5UV, Hydrolab, Wislina,
Poland).






Experiments and discussions

3.1. Laser alignment procedure

The capabilities of the Optical Trap and the detection system greatly depend on
proper alignment of all the laser and their proper coupling to the objective. In order
for the trap to be stable and as symmetrical as possible, the trapping laser axes has to
be same as the axes of the objective. Moreover, due to the nature of the detection
system, which relays on the backscattered light, the optical axes of the detection laser
also has to be same with the one of the trapping laser. If not, the diffraction image
will be distorted and the output signals of the photodiode highly nonlinear and thus
it will be practically impossible to measure actual displacements of the trapped object.
In order to have reliable results the available tolerances for positions of laser beams
and lens axes in respect to each other are around 0.1 mm. This kind of required preci-
sion makes the traditional alignment methods “by eye” useful only at the first rough
settings of the lasers, but for final alignment this method will not be sufficient. Thus,
a special adjustment procedure was devised, which is based on a set of tubes with
screens, a CMOS camera and a dedicated software for exact beam positioning. It is
done after the first rough setting of the lasers are done when all the lasers are set so
that they go through the aperture of the microscope objective. The configuration for
final laser alignment is shown in Fig. 3.1.

In this configuration, the CMOS camera, now with an objective, and the White
Light source are swapped, and the microscope objective is replaced with either a short
or a long tube. Both Tube L1 and Tube L2 have threads that match the microscope's
lens mount thread and fit exactly where the objective is. That way the optical axes of
the optical trap goes through the center of the mounted tube. In order to visualize to
position of the laser beam, both tubes have a mounted semi-transparent screen on their
top side. The alignment procedure can be divided in to 4 main parts: 1. Finding the
center of the Tube L1 and L2; 2. Alignment of the trapping laser; 3. Alignment of the
detection laser; 4. Alignment of the fluorescent laser. Each part is described in detail
below.
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Figure 3.1. Diagram of laser alignment procedure. The tubs L1 and L2 with different
length and a screen on top are exchanged in order to position the beam exactly in the optical
axis of the microscope.

1. Finding the center of the tubes.

In order to align the laser paths to the objectives optical axes, we first need to know
where this axis is. To do that we first mount the Tube L1 and set the white light
source to maximum output. This way it will illuminate equally the while aperture
of the tube. The camera will record the image on the screen and the software will
automatically find the center of the light spot on it. Next we change the Tube to L2
and analogically find the center of the light spot on its screen. The optical axes of
the microscope will be the one that passes through the centers of both spots. This
gives us the two positions to witch all the lasers have to be aligned.
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2. Alignment of the trapping laser.

The purpose of this part is to do the final alignment of the 1064 nm laser so that
the Optical Trap can reach optimal parameters. The points to witch the laser has to
be set are known form the previous part. The power attenuator is set so that the
trapping laser will not over exposure the CMOS camera. First the Tube L1 is
mounted and the center of the beam is recorded by the software. We then manipu-
late the Mirror M3 so that the beam will pass through the center of the tube. Next
the Tube L2 is mounted and again the software records the beams position. Now
by manipulating the Mirror M1 we adjust the beams position so that it will be in
the center of the tube. After that we change the tube back to L1 and repeat the
procedure until the beam is in the center of both tubes with 0.1 mm accuracy.

3. Alignment of the detection laser.
The purpose of this part is to do the final alignment of the 633 nm laser so that the
detection system can reach optimal parameters. The procedure is almost the same
as in the previous section, the only difference is that now we manipulate Mirror
M11 and M12 In order to position the detection laser in the center of the tubes.

4. Alignment of the fluorescence laser.
The purpose of this part is to do the final alignment of the 532 nm laser so that the
fluorescence illumination system can work in optical conditions. There settings are
not so crucial to the operation of the optical tweezer and can be done just by ob-
serving the position of the laser spot on the sample.

The adjustment is done by Mirror M11 and M2. The size of the spot is determined
by the Beam Expander 1.

When the alignment procedure has been finished the calibration procedure can
begin.

3.2. Calibration

The calibration of optical tweezes is crucial in using this hybrid equipment as
a quantitative sensor of forces. Despite the fact that the theory of operation of optical
tweezers is well established, it is still very hard to accurately predict the actual forces
acting on the trapped object. This is due to a couple of reasons. First of all it is hard
to estimate the experimental conditions which are necessary to do the calculations.
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The shape of the focal point, and therefore the light intensity gradient, will depend on
the shape of the beam, position and angle at which it is entering the lens, the lens
internal construction (which is a trade secret of the manufacturer) and all the losses
along the optical path. Moreover, the distance between the lens and the channel wall,
immersion oil, distance between the channel wall and the focal point, will all change
the beam profile. All the mentioned parameters are necessary to make accurate calcu-
lations of the beam profile and yet are hard to estimate in practice. Another factor is
the trapped objects size. The theories for objects which size is much smaller or much
bigger than the wavelength of the trapping laser light are well described. But in most
cases the trapped particles have diameters comparable with the wavelength and where
is yet no good approach to this problem. Therefore, because of all the mentioned dif-
ficulties in calculations of the gradient force acting on the trap, it must be experimen-
tally determined. There are several methods to calibrate an optical tweezers apparatus.

In this section we show the methods used and discuss the results of the calibration
of QPD looking at the output signals — particle displacement relationship and the force
calibration of the instrument.

The optical tweezers stiffness was evaluated over the widest possible range of
trapping laser power level because we are aware of the importance of this technique
to study also non-biological materials where the material damage due to the irradiation
is negligible. Although the low cell damage induced by Nd:YAG 1064 nm laser [31]
as well as the possibility to use high infrared laser power in biomolecules experi-
ments [32] and the introduction of temperature controlled system have already been
proven [33], a special attention was paid to explore the optical tweezers properties
under 10 mW laser power level.

3.2.1. Detection system calibration

The first step to calibrate the trap was the analysis of quadrant photodiode re-
sponse. In order to adjust the sample rate we analysed the noise of the quadrant pho-
todiode at several frequencies when a motionless particle was in the focal point. A dis-
persion of polystyrene spheres 1.0 pm in diameter in polyacrylamide gel was used to
place a fixed polystyrene sphere in the center of the trap and the 633 nm laser power
was adjusted so that the total voltage of QPD was 4 Volts (V). The signals were re-
corded for 2 seconds at each single analyzed sample rate (Fig. 3.2).
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Figure 3.2. Diagram of photodiode output signal in X direction as a function of time when
an immobilized 1.0 pm polystyrene bead is in the optical tweezers focal point. The curve shows
the measured signal recorded at a rate of 5000 samples per second.

The recorded signals were analyzed expressing the instrumental noise as peak-to-
peak value. The lower the acquisition rate, the less noisy the output signal is (Fig. 3.3).
At high acquisition frequencies the analyses were affected by the noise. At low fre-
guency the QPD was not able to detect fast and small particle displacement, therefore
the selected sample rate of the detection system was set up at a maximum of 10.0 kHz
in order to reach the optimum signal-to-noise ratio and speed. The peak-to-peak values
obtained for Sy are comparable with those calculated for Sy. The output signals of the
quadrant photodiode are clearly exposed to several sources of noise. Electronic noise,
mechanical, acoustic vibrations and laser instabilities can be minimized by applying
some experimental precautions but it cannot be removed completely. However, much
higher amplitude of noise is generated by the Brownian motion of trapped object.

In order to calibrate the optical tweezers using the backscattered light collecting
sensor as particle position sensor we need to fully know the response of QPD as
a function of bead displacement. A 1.0 um diameter polystyrene particle stuck in poly-
acrylamide gel was used to study the sensitivity of the quadrant photodiode. The bead
was placed in the center of the trap. The piezo stage, on which the sample was
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Figure 3.3. Measured peak to peak value of Sy noise for different acquisition frequencies.
Each data points is an average of 40 measurements in which the Sy signal was recorded for
2 seconds. Error bars represent the standard deviation (from Ref. [1]. © IOP Publishing. Re-
produced with permission. All rights reserved).

mounted, allowed us to move the polystyrene sphere with a stepwise motion. We re-
corded the values of Sy and Sy after each particle displacement generated by a small
and quick piezo stage movement when the bead passed through the tweezers. The
particle displacements were generated by a sequence of back and forth stage move-
ments and the measurements were carried out starting from —100 nm to +100 nm.
Each measurement point was repeated 100 times. The central parts, of the typical S-
shape detector response curves, are reported in Fig. 3.4.

There are several factors that can affect QPD sensitivity, one of the most important
is the profile of the beam. The backscattered light pattern changes with the relative
position of the incident detection laser beam on the trapped particle. The impact of
this typical scattered light behavior is evident in the output signals/particle displace-
ments graph: the response is linear for displacements in the range of £100 nm. There-
fore, only the central zone of the graph was used to calibrate the quadrant photodiode
sensitivity and trap stiffness, by calculating the slope of the best linear fit. The slope
of the fit lines (ay, ay) for Sy and Sy are respectively 0.0026 and 0.0031 in arbitrary
units.
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Figure 3.4. Quadrant photodiode output signals (Sx and Sy) versus particle displacement
curves recorded by moving the bead through the optical trap. The displacement is relative to
the centre position of the trapped bead. The output signals are zero when the object is in the
trap centre. The curves were obtained using 1.0 um polystyrene particles in water.

The particle displacements (X, Y) in nanometers can be calculated with the fol-
lowing equations:

S
X = a—X
X
(3.1)
S
Yy =—
ay

The presence of backscattered light pattern asymmetry is responsible for the dif-
ference in sensitivity between X and Y direction as well as the non-linear response for
bead displacements higher than 100 nm from the centre of the trap. The sensitivity of
the quadrant photodiode is also affected by the ratio of light spot radius and QPD
radius to the distance between the centre of the detector and the reflected beam.
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3.2.2. External Force Calibration

The external force calibration method quantifies the amount of force applied by
the trapping laser on the bead using a specific instrumental and environmental config-
uration. The analysis of the relationship between the particle position and the quantity
of an applied external force on the trapped sphere under controlled conditionis one of
the most effective strategies to calibrate the trap. The trapped particle-optical tweezers
system can be considered as a Hookean spring where the force acted on the sphere is
proportional to the particle displacement from the central trap position and to the trap
stiffness as described in Eq. (1.6). According to this model, it is possible to calculate
the trap stiffness by observing the particle displacement while applying on it a known
external force. Usually the sphere displacement is proportional to the amount of force
trying to perturb the system equilibrium. Hydrodynamic drag, resulting from an ap-
plied flow of water around the trapped particle, acted as the external force. The expe-
riments were performed inside a tailored PDMS microfluidic (Fig. 3.5) chip filled
with water solutions at temperature 295 K. In order to eliminate possible influences
of any stray flow in the channel, all the measurements where preformed in special
round wells with only one entrance. When the particle was captured by the OT, it was
dragged in to one of the wells where the measurement took place. The particle was
trapped 5 um far from the glass wall and at least 50 um away from any surface in
order to avoid the wall effects and to ignore Faxen’s correction [26].

The experiment was performed at the system equilibrium in order to avoid any
unexpected convective flow. The flow Reynolds number based on the particle dia-
meter was below 107, In the low Reynolds number regime the external drag force
(Fext) acting on a bead can be easily quantified using Stokes’ law:

Fext = 6TNVR, (3.2)

where # is the dynamic viscosity of the water, v is the fluid velocity and R is the
trapped sphere radius.

The flow of the fluid around the trapped sphere was applied by moving the piezo
stage on which the channel was mounted. The external force was quantified using the
method proposed by Mills et al. [34] when the AFM piezo stage was moved at differ-
ent constant velocities translating the chamber by steps of 100 pm in the X and Y
direction. The system was analyzed at several values of external force maintaining the
step displacement constant and changing the stage velocity; at least 100 events were
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Figure 3.5. Picture of a microfluidic channel used in the experiments. The large channels
form a T junction, through one of the arms flows pure water, and through the second a solution
of particles. The round wells with only one entrance provide a flow-free chamber where the
measurements take place once a trapped particle is dragged into them by the optical tweezer.
Multiple wells allow conducting more than one experiment in the same microchannel.

taken into account in the stiffness calculation in each analyzed experimental condi-
tion. The optical tweezers stiffness was calculated at 15 different trapping laser power
levels by analyzing the recorded output signals of the QPD particle position detector
(Fig. 3.6). The results shown in Table 3.1 were averaged over few experiments re-
peated using the same experimental parameters.

The trap stiffness (Fig. 3.6) increases linearly with the trapping laser intensity.
The optical tweezers calibrations show the stiffness asymmetry caused by the polari-
zation of the laser beam. These results are in agreement with theoretical and previous
experimental results achieved by Rohrbach [35], where the relationship between the
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asymmetry coefficient and several experimental parameters (e.g. power and wave-
length of laser and particle dimension) was proven.
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Figure 3.6. Bead position along the X axis vs time during the external force calibration.
A 1.0 um diameter polystyrene bead is trapped using the infrared laser (40 mW) and the sample
is moved transversally back and forth at constant velocities (1300 um/s). The piezo stage is set
up to make one 100 pm movement each way with a 100 ms delay between every single stage
translation.

Table 3.1. Traversal escape force measured from 1.74 mW to 4.24 mW of trapping laser
power.

T?g\%‘rg[!;) ;er Axes direction Escape force [pN] ESCZES;;S?\ ?:)alill? ard
1.74 X 5.27 0.40
2.62 X 7.70 0.23
4.24 X 11.87 1.13
1.74 Y 5.26 0.14
2.62 Y 7.74 0.03
4.24 Y 9.63 0.19
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When the piezo stage movement was increased above a certain threshold, the ex-
ternal force overcame the trapping laser force and the bead escaped from the optical
tweezers. The escape force is defined as the highest force applicable to the trapped
objects therefore it defines the upper force limits of optical tweezers. The higher the
trapping laser power, the higher the escape force (Table 3.1). We found that our opti-
cal tweezers system has a maximum escape force of 11.87 pN using a 4.24 mW trap-
ping laser.

3.2.3. Equipartition Calibration

As we mentioned before, the trapped particle behavior can be described as a mass
on a spring system where the spring constant is the trap stiffness. Therefore, the sys-
tem can be considered as a sphere in a harmonic potential. The trapped bead oscillates
randomly near the focal point of the laser beam when it is in thermal equilibrium. The
particle fluctuations are due to the Brownian motion which tends to displace the bead
stochastically. The bead spatial position is well-described by a Gaussian function cen-
tered in the focal laser point where the width of the Gaussian curve is associated with
the trap stiffness, and the probability to find the particle near the center is higher in
stiffer optical tweezers systems. The particle is stable when the force applied by the
laser to the trapped object overcomes the forces generate by collisions of the environ-
mental molecules to the beads, confining the Brownian motion in the trap region. The
Brownian motion of a particle is directly proportional to temperature. Consequently,
it is possible to estimate the trap stiffness by tracking the particle position and calcu-
lating the displacements from the average position point in a well-known thermal con-
dition. The equipartition theorem defines the average translational kinetic energy of
a particle for each translational degree of freedom as 2 kBT where kB is the Boltzmann
constant and T is the absolute temperature. According to this theorem it is possible to
evaluate the trap stiffness (K) by solving the equation:

Ky = kpT/{4x?),
(3.3)
Ky = kpT/{4y?),

where (Ax?) and (Ay?) are statistical variances in the particle position.

The displacements of a 1.0 um polystyrene particle in water were recorded for
20 seconds with a fixed acquisition frequency (10 kHz) at several trapping laser power
levels. The trap stiffness was calculated averaging 30 series of data acquisitions for
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Figure 3.7. Graphs showing the stiffness of the trap in X and Y direction, as a function of
the trapping laser power, for a 1.0 um polystyrene bead. Graph (A) show data obtained by
equipartition and external force measurement method for both X and Y axes for trapping laser
power in the range from 0.5 mW to 50 mW. Next graphs show the trap stiffness for the laser
power in the range from 0.5 mW to 8.00 mW using equipartition method in the X axis (B) and
Y axis (C) and using external force in X axis (D) and Y axis (E). Each point in the graph is the
average of 30 measurements (from Ref. [1]. © IOP Publishing. Reproduced with permission.
All rights reserved).
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each laser power settings (Fig. 3.7). The temperature of the fluid was evaluated using
a pre-calibrated thermocouple sensor located few micrometres far from the analyzed
bead and assuming that the temperature in this point was similar to the trap tempera-
ture [36]. In this experiment the power of 1064 nm laser was set starting from
0.50 mW and then was gradually increased to 50.0 mW of the total trapping laser
power. We noticed that due to the temperature rising at high laser power level, the
difference between the focal point where the particle is confined and the surrounding
liquid created large convective instabilities in the system, forcing us to extend equili-
bration time. The temperature estimation has a crucial role in the equipartition cali-
bration. The stiffness standard deviation rose in proportion to the laser power.

The results obtained for laser power below 10 mW using the equipartition method
confirm the previous calibration data highlighting the strong dependence between the
laser power and the optical tweezer's stiffness. The reason why the trap's stiffness does
not decay to zero when the trapping laser power is equal to zero is the influence of the
detection laser, which forms a trap of its own and despite its low power, at these force
scales it can't be neglected.

3.3. Optical tweezers atomic force microscopy double
probing

One of the most interesting applications is to use tweezers in order to manipulate
single objects (e.g. nanomaterials and cells). The main achievement of the optical
trapping nanomanipulation was to develop a selective cell sorting process with the
aim to purify samples and to study the biological behavior of single selected cells.
Nanomanipulation can also be useful to organize, assemble and locate complex hie-
rarchical structures composed through optical tweezers manipulation. The proposed
study is based on the capabilities of sorting single nano-objects using optical tweezers.
In order to demonstrate the capabilities of the AFM/OT system we prepared a particle
nanostructure using the dragging force of the trapping laser and we simultaneously
scanned the sample using AFM.

First of all, the glass slide used in this experiment was silanized with method pro-
posed by Labit et al. [37]. The chemically functionalized glass coverslip was used in
this experiment in order to increase the interface interaction between the 1.0 um po-
lystyrene bead and the substrate. During this experiment, the trapping laser power was
set to 10 mW in order to reach a high trapping efficiency and avoiding convective
flow or other undesirable phenomena which can affect the nanomanipulation. First,
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five polystyrene particles were maneuvered and isolated from the colloidal system,
than the selected particles were individually confined in a clean well and dragged to
the glassy bottom in order to form a straight line of particles. The force exerted by the
trapping laser is strong enough to push the particle to the glass wall and the adhesion
effects allow immobilizing the particle on the substrate. The glass surface modifica-
tion plays a crucial role in the proposed experiments. The attractive force between the
positive charged surface and the negative charged polystyrene has an extremely be-
neficial influence on the stability of the produced structure. The AFM/OT system was
used to collect AFM topographies of the area selected for conducting the experiment
before and after the particle deposition as well as the surface of the single dragged

particles.
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Figure 3.8. Topography image of polystyrene particles immobilized onto a special func-
tionalized glass substrate obtained in a semicontact mode AFM using HA-NC cantilever (from
Ref. [1]. © IOP Publishing. Reproduced with permission. All rights reserved).
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Topography images of immobilized particles were acquired in water using the
tapping mode of AFM at a scan frequency of 0.25 Hz. We have tried to minimize the
force applied by the AFM probe on the sample by using a cantilever with a spring
constant of 2.5 N/m (HA_NC cantilever, NT-MDT, Limerick, Ireland). Figure 3.8
shows a5 x 5 um AFM image of the ordered layer of polystyrene particles developed
using the dragging force of the optical tweezer system.

This experiment allows studying the surface properties of the particles and sub-
strates taking into consideration one single particle-surface interaction and studying
single events to characterize locally the studied materials.

3.4. Atomic force microscopy and optical tweezers
double probe force sensor

The knowledge of interactions of colloidal particles with their surrounding me-
dium and with each other is crucial to understand their behavior in crowded environ-
ments such as cells and other biological materials. The equilibrium state and the hy-
drodynamic properties of colloid systems in an aqueous medium are affected by se-
veral environmental parameters (e.g. the addition of salt influences the stability of
colloids). An explanation for this fact was given by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory studying the surface charges at interfaces and the factors
that affect the electrostatic double-layer force [38]. As such the effects of ion concen-
trations and their type can't be neglected. For particles with dimensions in the range
of nanometers the effects of ionic double layer, steric effects and kinematic slip on the
fluid-wall boundary condition greatly influence their mobility. Most experiments that
characterize these kinds of suspensions measure only the global parameters, used only
to evaluate the effective mobility coefficients. In this experiment we demonstrate the
ability of optical tweezers enabling nonintrusive measurements of forces, in the range
of femtonewtons, acting on suspended in liquid polystyrene particles. Its coupling
with AFM allows for accurate measurements of the surface and geometry as it was
demonstrated in the previous chapter. In the following experiment the possibility to
use the hybrid AFM/OT instrument to quantify force in the femtonewton scale is
demonstrated. This kind of research is very popular right now and this instrument will
be helpful to elucidate the details of the phenomena that regulate the colloids stability
as well as the properties of molecules attached to their surface.

The colloidal probe cantilever used in this experiment was built by the use of the
“Cantilever-moving technique” developed by Gan [39] in which a single fluorescent
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5.5 um particle was glued to the end of a tip-less AFM cantilever using a small amount
of epoxy glue and the AFM head acted as a micromanipulator (Fig. 3.9).

10 pm

Figure 3.9. SEM micrograph of the 5.5 polystyrene particle mounted on the tipless AFM
cantilever.

The experiments were performed inside a tailored PDMS microfluidic (Fig. 3.10)
chip filled with water solutions at temperature 295 K. In order to eliminate possible
influences of any stray flow in the channel, all the measurements where preformed in

Figure 3.10. Example picture of produces AFM colloidal probes and images taken during
tone of the experiments. A — 1.0 um polystyrene particle trapped in the OT a few micrometers
from the cantilever. B — Translation of the probe in the direction of the trapped particle. C — The
particle glued to the cantilever approached the surface of the trapped particle. Picture A was
collected using a white light while pictures B and C were recorded using fluorescent particles
excited by the green 532 nm wavelength laser. The red arrows indicate the position of the

optically trapped 1 um particle and green arrows the 5.5 pm particle attached to the AFM
cantilever.
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special round wells with only one entrance. When the particle was captured by the
OT, it was dragged in to one of the wells where the measurement took place. The
single fluorescent colloid sphere fixed at the end of the tipless cantilever and a 1.0 um
fluorescent polystyrene sphere confined in the optical trap using 6.5 mW laser power
(Fig. 3.10 A-B-C).

The experiments were carried out by approaching the trapped particle with the
AFM particle probe at a constant velocity of 200 nm/s in pure water and recording the
displacement of the particle in the optical tweezers. This displacement was later cal-
culated in to force, and the results are shown in Fig. 3.11.

0.5

0 e
05 «—Double layer boundry }

-1

-15

-2

-2.5

-3

-3.5

-4 e R

-4.5
0 50 100 150 200 250 300 350 400 450 500
Distance between particle surfaces [nm]

Interaction force [pN]

Figure 3.11. Interaction forces between two particles in pure water, as a function of the
distance between their surfaces.

The same experiment was repeated in 0.01 mM and 1 mM solution of KCI in
water. The particle approaches were performed after 30 minutes from the liquid intro-
duction into the channel to reach the thermal equilibrium that was monitored by using
a thermocouple inserted into the microchip channel. More than 30 approaches were
performed per each analyzed environmental condition in order to have statistically
significant results. The results of the experiments with KCI are shown in Fig. 3.12.

The size and shape of the polystyrene particle mounted on the tipless cantilever
has been measured by the use of SEM before the experiment. The position of the
particles and their separation distance have been evaluated by analyzing the white
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light and fluorescence images obtained by the CMOS camera, using a custom-made
Matlab program for finding center of the particles.
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Figure 3.12. Interaction forces between two particles in two different concentrations of
KCI in water, as a function of the distance between their surfaces.

The measured force—distance relationships between two particles in different
aqueous solutions of KCI (Figs. 3.11 and 3.12) proves that the instrument is capable
of qualitatively measuring forces with a subpiconewton resolution with good repro-
ducibility. The developed combined atomic force microscopy and optical tweezers
has higher resolution and reproducibility compared to a standalone AFM in the ana-
lysis of particle interaction forces [40]. The obtained data confirms that the behavior
of colloidal systems observed experimentally agrees with the theoretical predictions.
The DLVO theory assumed that the interaction between two particles is due to the
sum of the electrostatic double-layer repulsion and the van der Waals attraction.
In pure water, long range attraction is clearly measured. At low salt concentration the
double-layer repulsions are stronger than in pure water and the single polystyrene par-
ticles are stable. The particle stability increases with the KCI concentration in the mi-
cromolar range. In the experimental results, in all the studied systems, no interaction
forces between the polystyrene particles could be observed at distances exceeding
450 nm.



Conclusions and outlook

Atomic force microscopy is a versatile technique capable of covering a broad
range of applications, but it is not able to detect small forces on the femtonewton scale
due to technical limitations and restrictions. Based on this consideration, we have de-
signed and developed a type of AFM-optical tweezers apparatus in order to build
a high resolution imaging instrument capable to confine micro- and nanomaterial and
to lower the force limit of detection of AFM. The successful development of the
equipment has been described in detail and the calibration of the instrument has been
presented in this study.

We have shown how important the optics and electronic arrangement and settings
are to achieve the high temporal and spatial resolution required during the force me-
asurements. In this article we proposed an improvement of the trapped particle posi-
tion detection system. We also showed an integrated system based on the collection
of backscattered light by a quadrant photodiode. A comprehensive explanation of the
sensor has been provided and the high sensitivity and resolution of the detector has
been confirmed by the experimental calibration. Nevertheless, it is possible to further
increase the sensitivity and the resolution by improving the acquisition data system.

The optical tweezer stiffness usually depends on several experimental parameters
such as the shape, refractive index and position of the trapped object, profile and in-
tensity of the trapping laser and the sample medium refractive index. That is the reason
why the optical tweezers stiffness was calculated by two different methods in the same
experimental condition and the relationship between trapping laser power and applied
force was investigated. The basic calibration presented in this paper was the external
force method. The results demonstrate that the minimum applicable and detectable
force of the proposed optical tweezers is at least one order of magnitude better than
the best result achieved by AFM. The external force method has allowed us to measure
the highest applicable and detectable force by calculating the force necessary to es-
cape the trapped particle from the optical tweezers focus spot. The escape force is
proportional to the trapping laser beam power (Table 3.1) and this confirms the pos-
sibility to analyze forces up to 11.87 pN using a 4.24 mW laser power and to use
optical tweezers in a force range below the limit of detection of AFM. An alternative
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calibration method based on equipartition was carried out and the results obtained
confirm the high sensitivity and resolution of the instrument. The equipartition
method is easy enough to implement, it is very fast and does not require any additional
equipment. After proper calibration it can be used to evaluate local temperature or/and
to extend evaluation of Brownian motion into inertial (ballistic) regime.

We found that the calibration methods using external force and equipartition per-
formed equally well in the reported experimental conditions. The reproducibility of
calibration methods is expressed as the standard deviation of trap stiffness. The stan-
dard deviations obtained using external force are greater than the values calculated by
the equipartition method for lower laser power (0.5 mW and 8.0 mW). It evidences
the advantage of the method based on of the trapped particles Brownian motion study
when the trap weakness disturbs accuracy of the external force calibration technique.
Indeed, when the laser is set on a lower power than 0.5 mW the force applied by the
laser beam was frequently overcome by the drag force resulting from the slowest pos-
sible applied stage movement. Moreover, when the laser power is lower than 3 mW
the fluctuation around the center of the trap is comparable with the displacement of
the particle due to the external drag force, affecting the precision of the result reached
by using the external force method. Our study pointed out that the trap stiffness values
obtained using equipartition calibration have a directly proportional relationship with
the trapping laser power and that the results are very precise and accurate in the region
in which the force of the trap is weak. The curves obtained between 0.5 mW and
8.0 mW are well fitted by a line and the relative standard deviations rarely exceed 3%
of the calculated trap stiffness. On the other hand this method appears to be less useful
to measure the properties of the trap when trapping laser is set up at higher trapping
power than 20 mW and this is quite evident considering that the stiffness-laser power
correlation became non-linear at this point. We can therefore say that the use of few
calibration techniques is crucial for measuring the optical tweezer's stiffness in a wide
range of applied trap power.

The trapping efficiency of the optical tweezers is very good and it is capable of
manipulating non spherical objects like nanofibers even at very low differences in
refractive indexes of the material and the medium (Fig. 4.1).

External force and equipartition calibration methods provide us only with infor-
mation regarding the stiffness of the trap in the plane perpendicular to the incident
laser's direction. Therefore, a further three dimensional calibration has to be per-
formed in order to fully understand the forces involved in particle confinement. In
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future we would like to measure the trap stiffness using particles of different compo-
sition and size.

Figure 4.1. A short fiber trapped by the optical tweezers. The refractive index of the me-
dium is 1.43, and the object index of refraction is 1.52.

The presented setup allows manipulating biological systems of greater complexity
and to analyze their material properties and behavior from a different point of view,
for example trapping and manipulating intracellular objects and probing the cell sur-

face by AFM cantilever, simultaneously (Fig. 4.2).
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Figure 4.2. Schematic of a proposed double probe technique to study cell biology with
AFM and OT at the same time.

Cell

Such measurements can be vital in the study of the microbiological and bimolecu-
lar aspects of many diseases such as cancer and Alzheimer. Previous AFM nanoinden-
tation studies prove that the variation of Young’s modulus values along the same fibril
is low, suggesting a similar supramolecular structure along the fibril [41].

This double probe instrument will be useful for studying the mechanical properties
of single long chain molecules, fibers and rods as it allows analyzing the effect of the
twisting and/or stretching (Figs. 4.3 and 4.4). By attaching a molecule (or a one-di-
mensional nanomaterial) to the AFM cantilever on one side and to a paramagnetic
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bead on the other it is possible to twist it using a rotating magnetic field to torque the
bead. In this experiment the optical tweezers will act as a manipulator and the atomic
force microscope as a force and spatial sensor (Fig. 4.3).
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Figure 4.3. Schematic of a proposed technique to study mechanical properties of single
molecules and polymers by stretching.
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Figure 4.4. Schematic of a proposed technique to study mechanical properties of single
molecules and polymer by twisting.
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The combination of atomic force microscopy and optical tweezers in one single
piece of equipment has already given us the ability to obtain images, to manipulate
and quantify the motion and the forces directly in the same sample. In conclusion we
have presented and tested an innovative instrument that, to the best of our knowledge,
is currently the first combined atomic force microscope-optical tweezers.
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