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Abstract

Opto uidics is an emerging ®eld which combines micro uidics and optics, having
widespread applications in fundamental sciences as well as engineering. Among the
research in the areas of opto uidics, manipulation of small objects such as particles and
droplets is of great interest. Precise control over the manipulation and con®nement of
such objects is a challenging task. Uni®cation of micro uidics and optics opens a new
way to achieve this goal with added advantages such as non-contact manipulation
capability and tunability. This Ph.D. dissertation addresses opto uidic manipulation of
particles and droplets based on some novel concepts.

The section on light-induced particle manipulation begins with optical trapping
inside a micro uidic channel. Motivation of this study is to understand the in uence
of velocity pro®le on the trapped particle. An optical trapping experimental setup is
constructed using a He-Cd laser (442 nm emission) as the trapping source. Optical
trapping experiments are performed under two ow conditions. A particle trapped
inside a micro uidic channel experiences a parabolic velocity pro®le. In the second
method, particles are trapped inside a sample chamber where the trapped particle
experiences a uniform velocity pro®le. Experiments are performed at different opti-
cal powers with particles having various diameters. Results showed that for particles
having intermediate size the trapping force is higher in the case of particles trapped
inside the micro uidic channel than that of a sample chamber. This is attributed to the
contribution of Saffman lift force arising from the parabolic velocity gradient. Exper-
imentally measured optical trapping stiffness is found to be in good agreement with
the theoretical model.

Following that, a novel particle manipulation technique is presented. Here, mi-
croparticle adsorbed at the air-water interface is trapped and manipulated along the
interface. The method relies on photoresponsive surfactants adsorbed to a gas-liquid
interface that can be reversibly switched between two isomeric states (atrans state
and a cis state) using light beams. The principle is based on local changes of the sur-
face tension, giving rise to Marangoni stresses. Depending on the type of surfactant
isomer in the region around the laser spot, a ow either radially inward or outward
is created. For the trapping of microparticles, a 325 nm beam from a He-Cd laser is
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focused at the interface, which results in an inward ow directing towards the focal
spot. This inward ow is utilized for trapping and manipulation of particles. Interfa-
cial ow velocity is characterized using particle streak velocimetry. It is experimentally
demonstrated that this trapping mechanism is capable of manipulating the trapped
particle at lower intensity than conventional optical tweezers.

Finally, studies on light-induced droplet manipulation were conducted, utilizing
the phase transition of temperature sensitive PNIPAM (Poly(N-isopropylacrylamide))
polymer ®Ims. PNIPAM ®Ims are prepared on UV absorbing glass plates. Absorption
of the UV light by the glass raises its temperature resulting in the phase transition
of PNIPAM ®Im from a swollen (hydrophilic) to a deswollen (hydrophobic) phase.
Experiments show that PNIPAM ®Ims undergo a phase transition from a hydrophilic
to a hydrophobic state at around 26°C. At the hydrophobic state, water drop placed
on the substrate exhibits a contact angle of about 78 while it reduces to 53° at the
hydrophilic state. Experiments are performed to drive the water drop by creating a
wettability gradient over the surface by locally cooling one side of the drop. Though
the drop spreads towards the colder region, due to the large hysteresis in contact angle,
the receding edge of the drop is pinned at the surface.




Zusammenfassung

Die Opto uidik ist ein aufstrebendes Forschungsgebiet, welches die Mikro uidik
mit der Optik vereint. Als solches weist sie einen weiten Ein ussbereich sowohl in
der Grundlagenforschung wie auch im Ingenieurwesen auf. Von grodem Interesse in
der opto uidischen Forschung ist die Manipulation von kleinen Objekten wie Partikeln
oder Tr#pfchen. Die pr!zise Lokalisierung und kontrollierte Bewegung solcher Ob-
jekte erweist sich als eine anspruchsvolle Aufgabe. Die Vereinigung von Mikro uidik
und Optik er#ffnet dabei einen neuen Weg, dieses Ziel zu erreichen und bietet dabei
zusltzliche Vorteile wie ber"hrungslose Manipulation und genaue Abstimmbarkeit.
Diese Dissertation befasst sich mit der opto uidischen Manipulation von Partikeln und
Tr#pfchen mittels verschiedener neuer Konzepte.

Der Abschnitt "ber lichtinduzierte Partikelmanipulation beginnt mit optischen
Pinzetten in einem mikro uidischen Kanal. Die Motivation dieser Studie ist es, den
Ein uss des Geschwindigkeitspro®Is auf das eingefangene Partikel zu verstehen. Ein
Versuchsaufbau mit optischer Falle wird unter Verwendung eines He-Cd-Lasers (Emis-
sion bei 442 nm) als Lichtquelle aufgebaut. Experimente zur optischen Falle wer-
den unter zwei Str#mungsbedingungen durchgef'hrt. Im ersten wird ein eingefan-
genes Teilchen in einem durchstr#mten mikro uidischen Kanal einem parabolischen
Geschwindigkeitspro®l ausgesetzt. Im zweiten Aufbau werden Partikel innerhalb einer
Probenkammer gefangen, so dass bei Bewegung der Kammer relativ zur optischen
Falle ein gleichm!Giges Geschwindigkeitspro®l auf das Teilchen wirkt. Es wurden Ver-
suche mit verschiedenen optischen Leistungen sowie mit Teilchen unterschiedlichen
Durchmessers durchgef'hrt. Die Ergebnisse zeigen, dass f'r Teilchen mittlerer Gr#le
die Fallenkraft innerhalb des mikro uidischen Kanals h#her ist als im Fall von Teilchen,
die einer Probenkammer gefangen sind. Dies kann auf den Beitrag der Saffman-
schen Auftriebskraft aufgrund des Geschwindigkeitsgradienten im parabolischen Pro-
®I zur"ckgef'hrt werden. Experimentell gemessene Stei®gkeiten der optischen Falle
zeigen eine gute $bereinstimmung mit dem theoretischen Modell.

Darauf folgend pr!sentieren wir eine neuartige Methode der Partikelmanipulation.
Hierbei wird das an der Luft-Wasser-Grenz Iche adsorbierte Mikropartikel eingefan-
gen und entlang der Grenz Iche bewegt. Die Methode beruht auf an der Gas-
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Fl"ssigkeits-Grenz Iche adsorbierten lichtemp®ndlichen Tensiden, die mittels Licht
reversibel zwischen zwei isomeren Zust!nden (einem trans- und einem cis-Zustand)
hin und her geschaltet werden k#nnen. Das Prinzip basiert auf der lokalen %nderun-
gen der Ober Ichenspannung, welches zu Marangoni-Spannungen f'hrt. Abh!ngig
von der Art des Isomers in der N'he des Laserspots wird eine Str#mung entweder ra-
dial nach innen oder nach aulen erzeugt. Zum Festhalten von Mikropartikeln wird
der Strahl eines 325 nm He-Cd-Lasers auf die Grenz Iche fokussiert, was zu einer in
Richtung Brennpunkt gerichteten Str#mung f"hrt. Diese nach innen gerichtete Str#-
mung wird zum Einfangen und Bewegen von Partikeln verwendet. Die Str#mungs-
geschwindigkeit an der Grenz Iche wird mittels Particle-Streak-Velocimetry bestimmt.
Es wird experimentell gezeigt, dass dieser Fallenmechanismus eine Manipulation der
gefangenen Teilchen bei geringerer Intensit!t erm#glicht als bei einer herk#mmlichen
optischen Pinzette.

Schliedlich wurden Studien zur lichtinduzierten Manipulation von Tr#pfchen auf
mit temperaturemp®ndlichem PNIPAM (Poly (N-isopropylacrylamid)) beschichteten
Ober Ichen durchgef'hrt. Dabei wurde eine Schicht PNIPAM auf UV-absorbierenden
Glasplatten abgeschieden. Die Absorption von UV-Licht im Glas erh#ht dessen Tem-
peratur, was zum Phasen"bergang des PNIPAM Films von einer gequollenen (hy-
drophilen) zu einer kontrahierten (hydrophoben) Phase f"hrt. Experimente zeigen,
dass bei PNIPAM-Filmen der Phasen"bergang vom hydrophilen zum hydrophoben Zu-
stand bei etwa 26&C erfolgt. Im hydrophoben Zustand weist ein auf dem Substrat
platzierter Wassertropfen einen Kontaktwinkel von etwa 78& auf, w!'hrend dieser
sich im hydrophilen Zustand auf 53& reduziert. Es wurde experimentell versucht,
einen Wassertropfen dadurch anzutreiben, dass mittels lokaler K"hlung einer Seite
des Tropfens ein Benetzbarkeitsgradient induziert wird. Obwohl der Tropfen sich
in Richtung des kllteren Bereichs ausdehnt, bleibt er doch aufgrund der grolen
Kontaktwinkel-Hysterese an der zur'ckweichenden Kante des Tropfens an der Ober-
“Iche haften.

XVi Zusammenfassung



Symbols and Abbreviations

Symbol Sl Unit
Fs Scattering force [N]
Fy Gradient force [N]
Wavelength of light [m]
lo Incident laser intensity [W/m 2]
R Particle radius [m]
C Velocity of light in vacuum [m/s 2]
Nm Refractive index of the medium [-]
Ny Refractive index of the particle [-]
m Ratio of refractive index between the particle and the medium [-]
E Electric ®eld [VIm]
1(9) Intensity at a depth s [W/m 2]
Foep Dielectrophoretic force [N]
K Clausius-Mossotti factor [-]
Erms Root mean square value of the electric ®eld [VIm]
D Permittivity of the particle [F/m]
m Permittivity of the medium [F/m]
m Conductivity of the medium [S/m]
D Conductivity of the particle [S/m]
! Frequency of the electric ®eld [Hz]
Va Applied voltage [V]
0 Initial contact angle of the liquid drop [radian]
(Vp) Contact angle of the liquid drop at the applied voltage [radian]
LV Liquid-vapor interfacial tension [N/m]
d Thickness of the ®Im [m]

Fe Capillary force

[N]
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1 Introduction

1.1 Motivation

Control over matter using light is a fascinating subject. Light is a powerful tool
for the manipulation of micro and nanoscale objects. Since the invention of lasers, the
branch of Photonics is growing fast for the last ®ve decades. The unique properties of
lasers such as monochromaticity, directionality and coherence have been utilized in al-
most all the ®elds of science and technology ranging from medical applications to ®ber
optic communications. Over the last 40 years, there has been considerable interest in
optical manipulation of individual particles, which enables the study of biological mo-
tors to the interaction between colloidal particles [1]. Though several methods have
been proposed for the manipulation of small objects, most of them require either com-
plex experimental setup or very high electrical or optical gradient. To mention a few,
optical tweezers, a commonly employed particle manipulation technique have some
fundamental limitations such as diffraction limited optics and the gradient nature of
the trapping force [2]. The gradient force scales to the third power of the diameter
of the patrticle, as a result, the trapping force rapidly diminishes with decreasing par-
ticle diameter. On the other hand, dielectrophoresis, an electrical analogy of optical
tweezers also rely on gradient forces, which imposes a restriction on manipulation of
nanoscale objects [3]. To overcome these restrictions, near-®eld and combination of
optical forces with other manipulation techniques have been proposed [4,5]. An im-
portant development in this area is optoelectronic tweezers, which is a combination of
optics and dielectrophoresis [5]. Though they succeed the requirement of high optical
power for particle manipulation, complex experimental designing or optical patterning
is required for achieving the particle or droplet manipulation.

Another emerging ®eld is opto uidics, where properties of optics and micro uidics
are combined. Both micro uidics and optics have emerged as two key ®elds for the
transportation and control over small objects such as particles or liquid droplets. Their
combination offers unique advantages such as non-contact manipulation capability and
tunability which ®nds a wide range of applications such as tunable optical elements,
opto uidic sensors, opto uidic lasers and particle transport [6, 7]. Such an integrated
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approach is implemented for the trapping and transport of particles and droplets in-
side the micro uidic channel or on an open surface. An important development in this
®eld, which utilizes light-induced micro uidic ow for the transport of nanoparticles

is light-actuated electro-osmosis [8]. The hydrodynamic force scales with the diameter
of the particle, instead of the volume of the particle as in the case of gradient forces.
This property can be advantageous while handling nanoparticles. Recently, some in-
teresting works based on light-induced wettability gradient have been reported for the
precise manipulation of droplets [9]. These methods are capable of remote manipu-
lation of droplets on photosensitive surfaces. Most recently, manipulation of oil drops
on light-sensitive surfaces based on light-induced hydrodynamic ow have been pro-
posed [10]. These methods overcome the requirement of high intensity and complex
experimental designing imposed by conventional methods. In this context, new steps
towards precise control over small objects are appreciable. This thesis presents the
research on opto uidic manipulation of small particles and droplets. The experiments
on optical trapping examines the in uence of ow velocity pro®le and lower trapping
wavelength on the trapped particle. Following that, a novel method for the trapping
and precise manipulation of microparticles based on light-induced hydrodynamic ow
is presented. This method offers several advantages such as low power requirement,
simple optical setup, parallel manipulation capability, tunability (wavelength and in-
tensity) and more favorable force law over conventional optical techniques. This thesis
also examines opto uidic transport of water droplets over temperature-sensitive poly-
mer ®Im, where the temperature of the ®Im is remotely controlled by the absorption
of light. The motivation behind this method is to create a smart surface which can
transport small water drops with more “exibility than the existing techniques.

1.2 Objective of the thesis

The purpose of this Ph.D. research is to use light for the trapping and manipula-
tion of particles and droplets in micro uidic environment. This thesis can be broadly
divided in two main parts:

1. Studies on light-induced particle manipulation

2. Studies on light-induced droplet manipulation

1. Studies on light-induced particle manipulation

Light-induced particle manipulation is achieved via two mechanisms:

2 1 Introduction



i. Particle trapping using optical tweezers

Optical tweezers rely on momentum transfer between the light photons and the di-
electric particle [2]. Optical tweezers are widely implemented in micro uidic envi-
ronment [11,12]. The section on optical trapping examines the optical trapping of
microparticles inside a micro uidic channel. An optical tweezer setup is constructed
using a He-Cd laser (442 nm emission). A detailed investigation has been carried
out to understand the effect of the parabolic ow pro®le and the particle size on the
trapping parameters such as trapping force and trapping stiffness. The results are com-
pared with that obtained from trapping inside a sample chamber where the trapped
particle experiences a uniform velocity pro®le. The comparison shows that lift force
arising from the parabolic ow pro®le inside a micro uidic channel have signi®cant
in uence on the trapping force and the maximum displacement of the particle inside
the trap. It is shown that a value close to the theoretically predicted displacement has
been achieved by trapping inside micro uidic channel with appropriate choice of the
trapping wavelength.

ii. Particle trapping using light-induced Marangoni tweezers

Here, the particle trapping is achieved by the light-induced Marangoni ow. A pho-
toswitchable interface is created using photosurfactant incorporated with azobenzene
molecule. The molecule has two distinct isomeric states, a@rans and a cisstate. Light
of 325 nm switches the molecule from the trans state to the cis state and the light of
442 nm does the reverse. When adsorbed at the interfaces, theisrich surface exhibits
relatively higher surface tension than that of the trans rich surface. Light of 325 nm
focused at the interface to increase the surface tension locally, resulted in a Marangoni
“ow towards the laser spot. This inward Marangoni ow generated by the gradient
in surface tension is utilized to trap polystyrene particles adsorbed at the interface.
Furthermore, the position of the trapped particle can be manipulated along the inter-
face by moving the laser spot. Additionally, the direction of the ow can be reversed
by switching the laser beam to 442 nm. A detailed experimental analysis has been
done to understand the factors in uencing the ow ®eld such as laser exposure time,
incident intensity and surfactant concentration. The results show that the adsorbed
particles can be manipulated with about 10 times less light intensity than conven-
tional optical tweezers. Also, this method does not require any complex optical setup
or high numerical aperture objective lens. Additionally, the linear dependence of the
hydrodynamic force can be a powerful tool for the manipulation of the nanoparticles.
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2. Studies on light-induced droplet manipulation

Open surface digital micro uidics is an emerging ®eld with potential applications
in medicine and biological analysis. Several methods such as electrowetting [13], ther-
mocapillarity [14], dielectrophoresis [3], magnetic force [15] and thermo-chemical
effect [16] have been demonstrated to achieve this goal. Another promising way to
achieve droplet manipulation is by the use of environmental sensitive materials. Ca-
pability of light-induced droplet motion using photosensitive materials have already
been demonstrated [9, 10]. Another possibility is to use temperature sensitive ma-
terials to achieve this goal. Poly(N-isopropylacrylamide) (PNIPAM) is a widely used
temperature sensitive material. PNIPAM exhibits a Lower Critical Solution Temper-
ature (LCST) in water. PNIPAM is in swollen state (hydrophilic) below LCST and
deswollen state (hydrophobic) above LCST. Recently, light-induced wettability change
has been demonstrated on PNIPAM ®Im prepared on surface coated with nanoaprti-
cles [17]. This thesis demonstrates a simpler technique, where PNIPAM is spin coated
on a UV absorbing glass substrate. Absorption of UV photons controls the temperature
of the ®Im, thus the wettability. PNIPAM ®Ims exhibit a phase transition at a temper-
ature of about 26 °C. The contact angle difference of more than 25 is observed. To
drive the droplet over the surface, experiments are performed by locally cooling one
edge of the droplet, but high hysteresis contact angle made the receding edge of the
drop pin at the three phase line and not allowing the drop to move.

1.3 Organization of the thesis

This thesis is devoted to the studies on light-induced particle and droplet manip-
ulation. Chapter 2 provides the basics and recent advances in light-induced manip-
ulation techniques. This chapter describes both the conventional optical techniques
and the light-induced wettability gradient or interfacial ow that is utilized for the
manipulation of small particles and droplets. Chapter 3 and Chapter 4 report the
studies on optical trapping where the effect of ow pro®le on the trapped particle
is discussed.Chapter 5provides the fundamentals of the interfacial transport phenom-
ena with an emphasis on solutal Marangoni effect. Later part of this chapter discusses
the properties of the photoswitchable surfactants used in this work. In chapter 6
a novel particle trapping mechanism based on light-induced Marangoni ow is pre-
sented. The principle relies on the photoswitching of photosurfactants adsorbed to
the air-water interface. Inward ow generated at the interface is utilized to trap and
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manipulate micrometer sized polymer particle adsorbed to the interface. Chapter 7
describes the light-induced wettability modi®cation of temperature sensitive polymer
thin ®Ims. Polymer ®Im is coated on a light absorbing substrate. Light-induced wetta-
bility change and the experiments performed to move the droplet along the polymer

surface are presented in this chapter. The thesis ends wittchapter 8 where the main

outcome of the study with future directions is outlined.
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2 Light-induced particle and droplet
manipulation techniques

2.1 Introduction

The ability to trap and transport particles, atoms, biological cells and droplets
have widespread applications in fundamental science and technology. Manipulation
of such objects can be actualized by a variety of methods based on optical, electric,
magnetic, acoustic and hydrodynamic forces. Among such methods, optical methods
have certain unparalleled advantages such as non-contact manipulation, high spatial
and temporal resolution and tunability (wavelength and power). Light-induced ma-
nipulation methods involve the use of light to induce forces on particles or uids either
by momentum or energy energy transfer. Optically-induced manipulation methods can
be split into two categories: direct and indirect methods. Direct methods such as op-
tical tweezers directly interact with the matter of interest and indirect methods rely
on the modi®cation of material property by the energy transfer. Such methods involve
the manipulation of small objects by modifying interfacial tension, surface energy or
photoconductivity using light energy.

This chapter provides a brief review on the current methods and recent advances in the
®eld of light-induced particle and droplet manipulation. This chapter begins with the
conventional optical tweezers and extends to recent advances in near-®eld optical tech-
niques. The possibility of light to combine with other prominent manipulation methods

like dielectrophoresis and electro-osmosis is also discussed. The ®nal section focuses
on micro uidic actuation based on the light-induced surface energy modi®cation.




2.2 Light-induced particle manipulation techniques

Interaction between light and matter is a fundamental process. In uence of light
on the matter was ®rst predicted by astronomer Johannes Kepler in seventeenth cen-
tury while he studied the tails of comets. Radiation pressure from the sun is the reason
behind the tails of comet when they pass near the sun. In 1876, James Clerk Maxwell
theoretically predicted that light waves are associated with linear momentum. Optical
micro-manipulation requires extremely high intensity gradients that are only possible
with focused laser beam. In 1970, Arthur Ashkin of Bell Labs demonstrated that the mi-
croparticles can be propelled with a moderately focused light beam [18]. This method
was further extended to trap particles known as optical levitation traps. In the case
of optical levitation trap, gravitational force on the particle is balanced by the optical
scattering force. Later, dual beam optical traps were introduced where particles gets
trapped between two counter-propagating moderately focused laser beams. In 1986,
Arthur Ashkin and his colleagues reported for the ®rst time that transparent spherical
particles can be trapped in three dimensions using the gradient force generated from
a single laser source, called single beam optical trap [2]. Since then, optical tweezers
found enormous applications, both in fundamental science and technology. Steve Chu
implemented this method in the ®eld of atomic cooling and trapping for which he was
awarded the Nobel Prize in 1997.

2.2.1 Optical tweezers

Trapping and remote control over micrometer and nanometer sized particles has a
signi®cant impact in biology and physics [1,19, 20]. The most popular tool for optical
manipulation of small objects is optical tweezers [2,18]. Optical tweezers are widely
used for diverse applications ranging from molecular motors in biology to the transport
of Bose-Einstein condensates in physics [21,22]. Optical tweezers rely on the momen-
tum transfer between the photons and the dielectric particle [2]. This momentum
transfer exerts signi®cant amount of forces on micrometer sized particles (typically in
the range from 0.01 to 100 pN) with some mW of laser power. A stable three dimen-
sional (3D) optical trap can be accomplished by focusing a Gaussian laser beam using
a high numerical aperture (NA) objective lens [23]. Optical tweezers can handle par-
ticles ranging in size from several micrometers to several nanometers, which include
spherical transparent particles to biological cells. The trapping force occurs only at the
focal point that makes them a suitable tool for single particle manipulation [24].
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Fig. 2.1: Schematic representation of optical trapping.

The basic principle behind optical trapping is the momentum transfer associated with
the refraction or re ection of light at a dielectric interface [25+27]. Fig. 2.1 schemati-
cally illustrates the optical trapping mechanism. Suppose light undergoes a momentum
transfer of  Pypoton, then according to the conservation of momentum, the particle un-
dergoes an equal and opposite momentum change. This momentum change exerts a
force on the particle which is given by rate of change of momentum of the particle.
Two types of forces arise at the interface due to the light-matter interaction. First one
is the scattering force (F) which acts along the direction of propagation of light, and
the second one is the gradient force () which pulls the particle towards the higher in-
tensity region [2]. Stable 3D trapping is achieved when the gradient force exceeds the
scattering force. This condition can be achieved by employing high numerical aperture
(NA) objective for trapping, preferably higher than one [28]. The optical forces acting
on the trapped particles are explained on the basis of different models depending upon
the size of the particle (R) and the excitation wavelength () [29]. A detailed descrip-
tion of the trapping mechanism is provided in chapter 3. For a dielectric particle whose
radius is much smaller than the wavelength (R« ), the particle can be considered as
an oscillating dipole that is polarized by the slowly varying electric ®eld [2, 30, 31].
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The scattering force acting on such a patrticle is given by [2]:

£ lo128 R m?l 1, -
s c 34 nm(m2+2) ()

and gradient force is given by:

m? |
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where m = ny=n,, and | is the laser intensity. n,, and n, represent the refractive in-
dex of the medium and that of the particle, respectively. The scattering force is directly
proportional to the incident laser intensity and gradient force is directly proportional
to the gradient of the intensity. Depending on the value of m, the direction of gradient
force can be towards (whenm > 1) or away (when m < 1) from the higher intensity
region.

Optical tweezers are a suitable tool for studying the dynamics of molecular motors
such as kinesin and myosin [32], also for studying viscoelastic properties of biopoly-
mers (e.g. DNA), cell membranes and composite structures such as chromosomes [33].
Combination of optical tweezers with precise position detection technigues enables to
study the interaction between the trapped particle and their surrounding [34]. In
many of the biological experiments, trapped particles are used as handles for the mea-
surement. Optical tweezers are used to trap and manipulate nano-structures such as
carbon nanotubes and metallic nanoparticles [35]. It is also possible to manipulate
defects in nematic liquid crystals [36]. Additionally, optical tweezers can rotate the
trapped particles by different methods based on transfer of spin or orbital angular
momentum [12] or rotating light patterns [37]. Holographic optical tweezers are em-
ployed for parallel manipulation of microparticles and cells [38, 39]. For the particles
with refractive index smaller than that of the surrounding medium, methods like opti-
cal vortex trap [40] and trapping using Laguerre Gaussian modes [41] are employed.

Two major limitations are the comparatively high light intensities required for optical
trapping (about 10° W=cn?) and the unfavorable scaling of the optical forces with
the size of the trapped object (Fy / R®) [2]. In the Rayleigh regime, the optical gra-
dient force diminishes rapidly as the particle radius decreases. So the manipulation of
nanopatrticles is a challenge. Moreover, for nanoparticles, Brownian motion is signi®-
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cant. The thermal effects due to the high intensity irradiation on the trapped particle is
not desirable, especially while handling biological samples [42,43]. Also, the selection
of the trapping source is crucial. For the manipulation of biological samples, near-
infrared lasers are used as trapping sources in order to minimize opticution [42].
Another critical requirement for optical tweezers is the requirement of a high NA
objective lens. Still, the minimum spot size that can be achieved is limited by the
wavelength. Theoretical limit of minimum lateral spot size is 0.61 = NA[44]. Usually,
this value is around 500 nm. As a result, both the manipulation and imaging of objects
smaller than diffraction limited spot size is a challenge. Also, the small ®eld of view of
high NA lens (typically less than 100 m x 100 m) limits the effective manipulation
area for parallel manipulation. Furthermore, when distributing the light intensity over
an optical +landscape+ as in the case of holographic optical tweezers [38, 39], each of
the individual traps of a tweezer array only shares a fraction of the photon "ux of the
laser beam. Therefore, since a speci®c threshold intensity is required to manipulate
small objects, there is only a limited exibility in creating different optical landscapes
with a laser of given power.

To overcome the fundamental limitations of optical tweezers, near-®eld optical tech-
niques have been proposed and found several applications [45]. The functionality of
optical trapping mechanism is further expanded to complex optical manipulation of
particles using diverse techniques such as evanescent trapping [46], surface plasmon
enhanced trapping [47, 48] and light-induced electrokinetic trapping [5]. Near-®eld
technigues succeed the requirement of diffraction limited focal spot imposed by con-
ventional optical tweezers. Moreover, they offer intrinsic in-plane con®nement of the
particles [49]. The following section gives a brief review on the basic theory behind
such methods, advantages and limitations.

2.2.2 Near-®eld techniques

Near-®eld optics describes the electromagnetic ®eld that exist only in the vicinity of
interfaces or sub-wavelength sized structures [44,50]. Near-®eld optical manipulation
of microparticles using evanescent wave was ®rst proposed by Kawata and Sagiura in
1992 [4]. Evanescent waves are generated in the near-®eld of high refractive index
structures (such as prism or waveguide) under the condition of total internal re ection
(TIR) [44,51]. TIR occurs when light travels from higher refractive index region ( n;)
to lower refractive index region ( n,), at an angle greater than or equal to the critical
angle. When a dielectric particle is placed in the evanescent ®eld, the optical gradient

2.2 Light-induced particle manipulation techniques 11



polarizes the particle resulting in a strong gradient force direct towards the higher
intensity region. This force is analogous to the Lorentz force explained for optical
tweezers. Here, a large contrast in refractive index between two media generates a
sharp decay of evanescent waves [45]. Exponential decay in intensity of the evanescent
waves at a distances from an interface can be written as [51,52]:

[(s) = lpexp(! 9 (2.3)

where
4 £
= — (ngsin( {))?! ny? (2.4)

The gradient force pulls the particle towards the vicinity of the interface while the
scattering force due to the evanescent wave guides the particle along the propaga-
tion direction. S-polarized light is commonly employed for creating evanescent waves
since it produces stronger near-®eld than those associated with p-polarized light [53].
Important applications of evanescent wave trapping include sorting and transporta-
tion of microparticles and biological cells [51]. Evanescent wave generated along a
channel waveguide can be used to move microparticles along the waveguide [54].
Additionally, it is also possible to manipulate metallic micro- and nanoparticles in the
evanescent ®eld [54].

The strength of an evanescent wave decays rapidly with the distance from the inter-
face which may result in a signi®cantly reduced trapping depth [45,55]. So a counter
propagating beam is required to achieve three dimensional trapping [44,56]. Such a
counter-propagating geometry is employed for the con®nement of particles above the
waveguide or creating a particle array at the interface [57]. The disadvantage is that
usually this method is limited to polarizable objects only. Furthermore, the gradient
force vanishes as the particle size reduces down to nanoscale.

Another important development in the near-®eld techniques is the surface plasmon
trap [47]. Surface plasmons are collective oscillations of free electrons on metal sur-
faces [48,53]. Surface plasmon resonance can occur in the visible or near-infrared
region of the electromagnetic spectrum in metals such as gold, silver, copper and alu-
minum [48]. Depending on the structure of the metal surface, the excitation can be

divided in to two: surface resonance plasmons for at metal surfaces and localized
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plasmons resonance for metal nano-structures [53,58]. The ®eld distribution on the
metal surface can be tuned by patterning the metal with nano-structures. This allows
the con®nement of particles in a small trapping volume governed by the dimension
of the metal nano-structures [53]. The resonance occurs when the frequency of the
incident light wave matches well with the natural frequency of the oscillating elec-
trons. At the resonance condition, plasmons generate large local enhancements of the
electric ®eld strength. This strong electromagnetic gradient formed near the metal
structures enable the trapping of nanoparticles. It is reported that the trapping force
can be enhanced about 40 times at a given intensity compared to conventional optical
tweezers [49].

The above mentioned optical methods (free space and near-®eld techniques) require
either complex optics or patterned metal surfaces to achieve stable trapping. To re-
alize more “exibility on trapping and transport, methods which combines optics with
other particle manipulation techniques have been explored [5,59]. Combination of
light with electrokinetic particle manipulation techniques like dielectrophoresis and
electroosmosis have been reported recently and found numerous applications [5, 8].

2.3 Light-induced electrokinetic transport

Electrokinetic phenomena like dielectrophoresis and electro-osmosis are widely
used for the manipulation of micro- and nanoparticles [60£62]. Their combination
with light has opened a new era in the ®eld of opto uidic particle and droplet manip-
ulation. These methods overcome the requirement of high light intensity and complex
optics imposed by the conventional optical methods.

Optoelectronic tweezers (OET) rely on the light-induced dielectrophoretic force which
is utilized to trap and manipulate microparticles, nanoparticles and droplets [5, 59,
63, 64]. Dielectrophoresis (DEP) is a phenomenon in which the force is exerted on
a dielectric particle when it is subjected to a non-uniform electric ®eld [53]. Dielec-
trophoresis was ®rst reported by H. A. Pohl in 1951 [65]. A dielectric particle placed
in such a non-uniform electric ®eld gets polarized and charge dipoles are established
in the particle. The orientation and the magnitude of the induced dipole depends
on several parameters such as dielectric properties of the particle and the suspending
medium, intensity and the frequency of the applied electric ®eld.
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The time averaged DEP force acting on a particle of radiusR can be expressed
as [53]:

Foep= 2 R Re[K (1 )] (B2 (2.5)

where E; s is the root mean square value of the electric ®eld at the particle,K (! ) is
the Clausius-Mossotti factor. K (! ) is given by [53]:
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and the medium respectively. , and |, denote the conductivities of the media and

= m! ] are the complex permittivity of the particle

the particle respectively and! is the frequency of the AC potential. Depending on the
value of K (! ), the dielectrophorectic force can be either positive or negative [59].

Typically, an OET setup consist of a conductive glass substrate, a particle solution and a
photoconductive material. An AC voltage is applied between the conductive substrate
and the photoconductive material. Irradiation with light increases the conductivity of
the photoconductor, resulting in the creation of large electric ®eld gradients. A di-
electric particle placed in such a ®eld experiences a strong DEP force. Chiou et al.
demonstrated the manipulation of 4.5 m polystyrene particles and biological cells
using OET [63]. The particle suspension is sandwiched between a photoconductive
surface and a conductive glass substrate, which is connected to an AC signal. Amor-
phous silicon is a commonly employed photoconductor for OET, because they exhibits
high resistance in the absence of light and high conductivity in the presence of light.
lllumination with light turns the photoconductive material from an insulating state to

a conducting state that create a non-uniform electric gradient that enables the particle
manipulation. Here, optical energy is not directly utilized for trapping. So very low
intensity (< 1 W=cn?) is suf®cient for particle manipulation [5]. The lower require-
ment of light intensity allows the manipulation of living cells without photo-damage.

Nanoparticle manipulation with OET is a challenging task since the dielectrophoretic
force scales to the third power of the particle diameter. However, trapping of nano-
structures such as nanowires and carbon nanotubes are possible because their length
comes in micrometer order. Jamshidi et al. employed OET for the trapping and ma-
nipulation of silver nanowires having a diameter of 100 nm and length of 5 m [66].
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Moreover, they could differentiate silver and silicon nanowires based on their DEP
mobility. OET have also been utilized to trap quantum dots and single carbon nan-
otubes [67]. Furthermore, OET creates real time dynamic OET virtual electrodes
which makes them a promising candidate for individual particle manipulation for a
large area. Massive parallel manipulation is achieved by creating light patterns using
spatial light modulators [5].

A promising way to achieve nanoparticle trapping and manipulation is the use of hy-
drodynamic force instead of optical or electrical forces. Hydrodynamic force scales
linearly to the particle dimension. Recently, light-actuated electro-osmosis has been
demonstrated to be capable of manipulating nanoparticles [8]. Incorporating a photo-
conductive layer on a micro uidic substrate, several authors demonstrated the control
and generation of "uidic ow using light-induced electro-osmosis [68+70]. The fol-
lowing section is dedicated to the recent advances in light-induced micro uidic ow
with an emphasis on droplet and particle manipulation.

2.4 Micro uidic actuation by light-induced modulation of surface stresses

Micro uidic devices offer potential applications in biological science, chemical sci-
ence and medicine due to their small volume requirement, high sensitivity and high
throughput analysis [53]. Since the development of micro-scale devices known as
lab-on-a-chip devices, micro uidic technology found numerous applications, ranging
from biological analytics to small scale energy production [71, 72]. To mention a
few are drug screening, tunable ®ber optic waveguide, DNA microarrays, opto uidic
sensors, opto uidic lasers and clinical analysis [7,73]. Furthermore, the small scale de-
vices have additional advantages like minimized usage of chemical reagents, increased
automation, reduced manufacturing cost and better accuracy compared to the large
scale devices [74]. The characteristic geometry of a micro uidic channel offers a large
surface area to volume ratio, which makes the surface forces dominant over inertial
forces. Micro uidic ows are characterized by their laminar ow [75]. The Reynolds
number associated with the micro uic ow is typically less than one. Fluid transport at
the microscale is described by the continuity equation (conservation of mass) and the
Navier-Stokes equations (conservation of momentum). The Navier-Stokes equations is
discussed in chapter 5.

Control over micro uidic ow and transport of small droplets and particles is a cru-
cial challenge in micro uidics. Usually, these processes include complex techniques
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and geometry. Handling of a small amount of medicine and hazardous chemicals
require a high amount of accuracy and exibility. Controlled manipulation of small
objects at "uid- uid or "uid-solid interface has been demonstrated using different
techniques such as electrowetting [13], thermocapillary [14], dielectrophoresis [3],
magnetic force [15], thermo-chemical effect [16] and optical forces [76+81].

Manipulating surface tension or interfacial tension provides a natural tool for the reg-
ulation of micro uidic ows because surface forces dominate over inertial forces when
the surface to volume ratio is large [75]. Gradient in surface tension develops a hydro-
dynamic ow along the interface from the lower surface tension region to the higher
surface tension region, known as Marangoni ow [82]. When considering particle
manipulation by hydrodynamic forces, the hydrodynamic drag force given by Stokes
equation comes into play [75]. The detailed description on the interfacial transport
phenomena is given in chapter 5. This hydrodynamic ow can be utilized to induce
micro uidic ow and manipulation of small objects. The basic principle behind these
methods is the surface energy modi®cation either by variation in temperature, concen-
tration or electrical potential. The hydrodynamic nature of the trapping mechanism
implies a force scaling with the particle diameter instead of its third power as in the
case of conventional methods like optical tweezers and dielectrophoresis [2].

An important development in the ®eld of micro uidics is the marriage of light with
“uids, known as Opto uidics [7]. Opto uidics aims at manipulating uid properties
using light at the micro- and nanoscale. Uni®cation of optics with micro uidics has
enormous applications in the ®eld of biophotonics, information processing, sensors
and tunable optical elements [6, 83, 84]. The ability of light-induced techniques to
produce non-contact, tunable and compact devices make opto uidics device a unique
tool for creating lab-on-a-chip devices.

Light-induced droplet manipulation techniques rely on direct optical forces [76+81],

opto-thermal effect [85+88], opto-electronic effect [8, 89], light-induced surface en-

ergy modi®cation [9, 90] and chromocapillary effect [10, 91]. Direct optical force

technigues based on scattering force (optical levitation) [76,77] or gradient force (op-
tical tweezers) [78, 79] for the trapping, transportation and fusion of fL - pL droplets.

Optical vortex trap also utilized for the manipulation of small droplets [40]. Since op-

tical forces are of the order of pN only, manipulation of fast owing droplets using light

is a challenging task [58, 80]. The following section focuses on particle and droplet
manipulation based on light-induced surface energy modi®cation.
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2.4.1 Light-induced manipulation using opto-electrowetting

Electrowetting is an effective mechanism for the transport and mixing of droplets
at the micro-scale [13,92]. The wettability can be increased on applying an electric
®eld at the three phase contact line that pulls the contact line outward. In a typi-
cal electrowetting system, a polarizable droplet is placed on a dielectric substrate and
the electric ®eld is applied between the droplet and the electrode. The equivalent
circuit of the electrowetting setup consist of a series combination of the dielectric ca-
pacitance and the double layer capacitance. The droplet acts like a conductor with a
resistanceRy. On applying the electric ®eld, surface energy at the solid-liquid interface
is modulated, which results in change in contact angle of the liquid drop [13]. Voltage
dependence of contact angle is given by:

1
cos (V) = coso+—d

A (2.7)
2dy v °

where V,, d;, and |y are the applied voltage, thickness of the insulating layer, di-
electric constant of the insulating material and the liquid-vapor interfacial tension,
respectively [92]. The rapid change in contact angle induced by electrowetting found
potential applications for the fabrication of tunable optical elements [93,94]. However,
for the transport of droplets using electrowetting require complex array of electrodes
that presents a challenge for the micro uidic chip fabrication [89, 95]

To achieve opto-electrowetting, a photoconductive layer is integrated below the elec-
trodes of the usual electrowetting setup [89, 96]. Usually, the circuit comprises of a
liquid, an insulator layer and a photoconductor layer. Contact angle change depends
on the voltage drop across the insulator [53]. The frequency of the AC voltage is ad-
justed in such a way that, in the absence of light, the impedance of the photoconductor
dominates over other components in the circuit. Using a voltage divider, most of the
voltage drops across the photoconductor and very little voltage drop across the insulat-
ing layer. So the contact angle remains at its equilibrium value. Upon illumination with
light, the conductivity of the photoconductive layer increases due to the electron-pair
generation which results in the reduction of the impedance of the photoconductive
layer (smaller than that of the insulating layer). As a result, most of the voltage drop
occurs across the insulating layer, resulting in a change in contact angle. Chiou et al.
demonstrated the transport of droplet using opto-electrowetting [89].
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2.4.2 Light-induced manipulation using opto-thermocapillarity

It is well known that thermocapillarity is capable of generating micro uidic ow.
An increase in temperature reduces the surface tension of the liquid which results in a
hydrodynamic ow from the lower surface tension region to the higher surface tension
region. This hydrodynamic ow is known as Marangoni ow [82]. At small scale,
a small gradient in temperature can induce substantial liquid ow [97]. Young et
al. reported the motion of an air bubble immersed in silicon oil by thermocapillary
effect [98]. The thermocapillary effect has been utilized for trapping and manip-
ulating tiny quantities of liquid either inside the microchannel or on an absorbing
substrate [85]. The temperature difference is achieved either by directly heating the
substrate using microfabricated electrical resistors or by laser heating [81]. Optically-
induced thermocapillary force has several advantages such as non-contact manipula-
tion, “exible manipulation capability and parallel manipulation of droplets. Besides
the above mentioned advantages, the use of light has an additional advantage, as it
allows localized heating at moderate laser power. Thus, it allows for generating very
high temperature gradient for a localized region.

Light-induced thermocapillary ow is used to generate micro uidic ow [85,99+101],
transport of small droplets along the interface [102, 103] and manipulation of mi-
cropatrticles in the bulk liquid [104]. Garnier et al. demonstrated light-induced move-
ment of a liquid ®Im on a heated surface [99]. Movement of a solid object at the liquid
surface was demonstrated by Okawa et al. [105]. They achieved ow velocity up to
the order of cm=s. Kotz et al. demonstrated that discrete water droplets can be trans-
ported over hydrophobic surfaces using light [102]. They placed water droplets with
absorbing dye in an organic phase of 1-decanol taken in a polystyrene petridish. Lo-
cally illuminating one edge of the droplet generates a temperature gradient along the
droplet resulted the droplet to move towards the colder region. Several other groups
also reported the movement of immersed bubbles by light irradiation [100,106]. When
@

o < 0, the droplet is attracted towards the hot region (illumination region) and re-

pelled away if % >0 [81].

Holographic technology has been used for multi-droplet patterning and droplet merg-
ing [86]. Recently, Kurup et al. reported an 'opto uidic tweezer' for the trapping,
merging and transport of oil droplets immersed in a water bath using light-induced
thermocapillary [107]. However, handling of biological samples using thermal meth-
ods could lead to the damage of the sample while transportation. Additionally, on open
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surfaces, thermal methods can cause problems with the evaporation of the liquid.

Application of light-induced thermal Marangoni ow is further extended for the manip-
ulation of microparticles suspended in a liquid [104]. It is reported that, microparticles
dispersed in bulk medium can be transported by locally heating the interface by a laser
beam that generates a liquid ow directs away from the hot region. The counter ow
developed inside the bulk liquid is used to transport microparticles dispersed in the
liquid [104].

2.4.3 Light-induced manipulation using photoswitchable materials

Alteration of chemical composition of a surface changes its surface free energy
that controls the wettability properties [90, 108, 109]. Gradient in interfacial energy
can be utilized to transport small droplets and particles along the interface. A promis-
ing way to fabricate wetting pattern is to use light sensitive materials. Azobenzene
is the widely used photochromic material for such applications because they are ca-
pable of undergoing reversible isomerization in solutions, liquid crystals, monolayers
and solids [110]. Moreover, they can be easily incorporated into various types of
surfactant systems [111]. Azobenzene undergoedrans-cis photoisomerization on UV
irradiation and the reverse on blue irradiation [112]. A detailed description on azoben-
zene photochemistry is provided in chapter 5. The ®rst incorporation of azobenzene in
a solid surface composition to provide photo-induced wettability change was reported
by Siewierski et al. [108] who observed a decrease in water contact angle of up to &
upon illumination on a silicon wafer coated by a self-assembled monolayer containing
azobenzene. Several other groups also reported light-induced wettability change on
monolayer containing azobenzene [113+115]. But the difference in the water contact
angle on the trans and the cissurfaces usually does not exceed 19[108, 115, 116].

Some authors explored this method for driving small liquid drops along photosensitive
solid surface [9,90,117]. Ichimura et al. reported a novel method for the transport of
millimeter size droplets over azobenzene immobilized surface [9,90]. The method re-
lies on the photoisomerization of surface-immobilized azobenzene molecules upon UV
- Visible irradiation. A monolayer of azobenzene-terminated calix(4)rescorcinarenes is
prepared on fused silica substrate. A gradient in surface energy is created by illumi-
nating the surface with UV - Visible irradiation. Upon illumination with the UV light,
the molecule transforms from a polar trans state, which exposes the hydrophobic back-
bone, to a twisted cis state. In the cis state, the polar azo group is exposed. An olive
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oil droplet placed on the azobenzene modi®ed surface exhibits a higher contact angle
in the trans rich state than in the cisrich state. Initially, the surface is illuminated with
the UV light so that the contact angle of the droplet decreases. This increase in wet-
tability is attributed to the higher dipole moment of the cismonomers. Assymmetric
irradiation of this cisrich surface creates a gradient in wettability over the surface. The
wettability gradient enabled the droplet to move along the surface.

A small droplet placed on a at solid surface has a ®nite contact angle. Let the equi-
librium contact angle be . If the droplet is placed on photoresponsive monolayer,

illumination on the surface in uence the surface energy of the substrate. In this situa-

tion, the contact angle differs from its equilibrium value. This leads to an imbalance

in the horizontal capillary force that results in a pulling force given by [90]:

F.= (cos 4! cos,)Ly (2.8)

where , and | gives the contact angle at the advancing and receding edge of the
drop and L4 represents the base diameter of the drop. This capillary force is respon-
sible for spreading or retraction of the droplet on the substrate. The light intensity
and the steepness of the gradient determines the velocity of the droplet motion. A
typical velocity of about 35 m=sis achieved with | droplets. The direction of ow
can be reversed by changing the illumination wavelength from blue to UV. However,
a speci®c chemical protocol has to be followed to achieve light-driven droplet motion.
Some authors followed this method but the manipulation of water droplets has never
been achieved because of the large hysteresis of contact angles [117]. As a result, this
method is limited to speci®c types of liquid [91]. Though several authors reported the
light-induced wettability change on hydrophobic surfaces to reduce hysteresis, move-
ment of water droplets over such surfaces is yet to be realized [118+£120].

Recently, Diguet et al. proposed a novel technique for the transport of millimeter sized
oil droplets over a photosensitive liquid surface [10]. The method relies on optically-

induced Marangoni ow [10,91]. The light sensitive surface contains photoswitchable

azobenzene molecules. If the surfactant is adsorbed at an interfacetrans-cis photoiso-
merization results in an increase in surface tension. Subsequent illumination with blue
light switches the cismolecule back to its trans form resulting in a decrease in surface
tension. So the surface tension can be locally manipulated by light illumination. Local
change in surface tension generates Marangoni ow from the lower surface tension
region to the higher surface tension region. The hydrodynamic ow generated at the
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water-oil interface is utilized to move the oil droplet. The interfacial tension between
the oating oil droplet and the solution is modulated by changing the laser wavelength.
The change in interfacial tension induces a circulatory motion inside the droplet that is
con®rmed by monitoring the motion of microparticles added to the oil droplet. Partial
illumination with UV light induces a droplet motion directed away from the illumi-
nated region and illumination with 442 nm results in droplet motion direct towards
the illuminated region. A typical droplet movement velocity of about 300 - 400 m=s
is reported. A two-color illumination allows to trap and manipulate droplets with high
precision using chromocapillary effect. Since low light intensity is suf®cient to trigger
photoswitching, local heating due to laser irradiation can be avoided [91]. However,
the proposed mechanism behind the droplet movement (interfacial ow at the liquid-
liquid interface) is not applicable in the case of solid particles. So manipulation of
small particles cannot be achieved by this method.

Application of photosensitive materials has been extended for the manipulation of
colloidal particles in liquid crystals incorporated with a photoswitchable azobenzene
group [121+123]. Angel et al. demonstrated that microparticles can be rotated and
transported on light sensitive liquid crystals with 103 to 10 times less light intensity
than conventional optical tweezers [123]. Another advantage of this method is the
centimeter-scale, massively parallel manipulation of particles and colloidal structures.
An alternate way for the manipulation of nanopatrticle is proposed by Abid et al. using
polystyrene nanoparticles with an azobenzene group attached [124]. Photoswitching
of these molecules induced the translational motion of the particles.

A recent work by Chevallier et al. proposed a new mechanism to induce hydrody-
namic ow based on light-induced Marangoni effect using photosurfactant containing
azobenzene [125]. On illumination with light (either UV or blue) on blue adapted
photosurfactant solution increases the surface tension of the illuminated area due to
the fast desorption of the cis molecules from the interface to the bulk. They observed
the accumulation of talcum powder near the illumination region upon irradiation with
UV or blue illumination. However, details on intensity or concentration dependence of
the particle accumulation is not discussed by the authors.

In this context, this thesis demonstrates a novel method for the trapping and manip-
ulation of microparticles adsorbed to the air-water interface. The method relies on
the photoswitching of photosurfactant incorporated with azobenzene. Upon focused
illumination with 325 nm laser beam, molecules switch from a trans state to a cisstate
resulting in an increased surface tension in the illuminated area. This localized in-
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crease in surface tension drives liquid ow towards the laser focus. This inward ow is
utilized to trap the particles. Detailed mechanism and the results are presented in the
chapter 5 and 6 of this thesis. Rigorous analysis on the dependence of ow velocity on
laser intensity, laser exposure time and surfactant concentration is performed. More-
over, it is demonstrated that the direction of the ow can be reversed on switching the
wavelength from 325 nm to 442 nm. Furthermore, optically-induced Marangoni ow
is used for trapping and manipulation of a single particle along the liquid surface.
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3 Optical trapping in a micro uidic
channel

3.1 Introduction

This chapter consists of three parts. The ®rst part details the theoretical description
while microparticles trapped inside a micro uidic channel. This section explains the
nature of the ow pro®le inside a micro uidic channel. Part two discusses the exper-
imental techniques adopted in this work. This section includes the protocol followed
for the micro uidic channel fabrication and features of the each component employed
in optical tweezer setup. The trapping optics include the design considerations of the
optical tweezers such as laser beam parameters, beam steering optics, inverted micro-
scope and the imaging system used. The same experimental setup is utilized for the
experiments discussed in this chapter and the next chapter. The results and discussion
part explain dependence of laser power and particle radius on maximum lateral escape
force, maximum lateral displacement of the trapped particle and the lateral trapping
stiffness.

3.2 Physics of optical trapping

The basic principle behind optical trapping is the momentum transfer associated
with the refraction or re ection of light at a dielectric interface [25+27]. Light carries
momentum in the direction of propagation which is given by:

Pohoton = D= (3.1)

where h is the Plank constant and is the wavelength of the light. The associated
energy of the photon can be calculated by:

Ephoton = I:)photonC: hc= (3-2)
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where cis the velocity of light in vacuum. At the dielectric interface, light undergoes
both the re ection and refraction resulting in momentum transfer between the photons
and the dielectric particle. Suppose light undergoes a momentum transfer of  Bynoi0n,
then according to the conservation of momentum, the particle undergoes an equal and
opposite momentum change. This momentum change exerts a force on the particle
which is given by rate of change of momentum of the particle.

The restoring force acting on a particle trapped by optical forces can be expressed
as [25]:

F,= Qtic (3.3)

Where Q; is the dimensionless trapping ef®ciency which depends on the particle size
and the refractive index difference between the media, and the particle and P is the
laser power.

Two types of forces arise at the interface due to the light-matter interaction. First
one is the scattering force (F) which acts along the direction of propagation of light
and the second one is the gradient force ) which pulls the particle towards the
higher intensity region [2]. Scattering force pushes the particle along the direction
of propagation of light. Scattering force is proportional to the laser intensity while
gradient force is proportional to the intensity gradient. So there should be a force
balance condition to achieve stable trapping. Stable 3D trapping is achieved only
when gradient force exceeds the scattering force 5 > F). This condition can be
achieved using high numerical aperture (NA) objective lens for trapping, preferably
higher than one [28].

Based on the trapping wavelength ( ) and the particle radius ( R), optical trapping can
be described mainly in three regimes [29]. First one is the ray optics regime R» )
and the second one is the Rayleigh regime R« ) [25,126]. However, the transition
region, requires complicated theoretical approaches such as generalized Lorentz-Mie
theory (GLMT) to explain the optical force acting on the particle [127,128]. Fig. 3.1
schematically represents the classi®cation based on particle size and laser wavelength.
In all three regimes, the net push or pull acting on the dielectric particle from the focal
region of the incident laser beam depends upon the relative refractive index between
the particle and the surrounding medium.
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Fig. 3.1: Schematic representation of Rayleigh and Ray optics regime based on the
laser wavelength and the particle diameter.

Ray optics regime

If the particle is much larger than the wavelength (R » ), ray optics or geomet-
rical optics model explains the trapping mechanism [2]. In ray optics model, light
beam is composed of individual rays and each light ray hits the dielectric interface and
undergoes multiple re ection and refraction. As a result, both the scattering and gra-
dient force exerted on the particle. The scattering force is generated by the momentum
change of the particle due to re ection of the light rays at the dielectric interface and
the gradient force is generated due to the refraction of the light rays. Fig. 3.2 schemat-
ically represents the optical trapping mechanism for a particle comes under ray optics
regime. Two identical rays (marked as ray A) are incident on a dielectric particle hav-
ing radius R at an incident angle ; and get refracted at an angle ,. Refractive index
of the particle is n, and that of the medium is n,,. The direction of the gradient force
exerted on the particle by each ray is marked asF,. The net force exerted on the par-
ticle is the vector sum of gradient and scattering force acted on the particle by each
ray.
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Fig. 3.2: Schematic representation of the optical trapping mechanism in Ray optics
regime.

The scattering force can be written as:

«
Téresne[cos(z i! 2 1)+ Reresnef0%2 §)] n,P
1+ Rlz:resnel+ RFfesnepOS{Z r) c
(3.4)

Fs: 1+ RFresnepos{2 i)!

and in the case of gradient force:

«
-I—Igresne[coiz i! 2 r)+ RFresnepog(2 |)] nmP
1+ Rlzzresne|+ RFresnepoe(\2 r)

Fg = RFresnesin(2 i)! (3-5)
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where  is the angle of incidence, , is the angle of refraction and Rg esnet Teresnel
are the Fresnel coef®cients for refraction and re ection respectively.

Rayleigh regime

For a dielectric particle whose diameter is much smaller than the wavelength (d «

), the particle can be considered as on oscillating dipole that are polarized by slowly

varying electric ®eld [2, 30, 31]. Such particles comes under Rayleigh regime and the

Lorentz force is used to calculate the trapping force. For a dipolar particle placed in

an arbitrary monochromatic wave with angular frequency ! , the electric ®eld can be
expressed as [44]:

E(r,t)= Re E(r)e " ! (3.6)

where E(r) represents the complex amplitude of the ®eld. Considering the linear
relation between dipole and the ®eld, we can write dipole moment as:

| ~ ©
(t)=Re (re"! (3.7)

Assuming that the partice has no net dipole moment, then the induced dipole moment
is propotional to the applied ®eld:

(= (Er) (3.8)

where (! ) is the polarizability of the particle. Now, considering the complex ampli-
tude of the electric ®eld in terms of real amplitude E, and phase as:

E(r)= Eo(r)e VAg (3.9)

where A is the unit vector in the direction of polarization. The time averaged force
on the particle is expressed as:

< EF>= —r B2+ —Er 3.10
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where

= '+l (3.11)

The ®rst term corresponds the dipole force (gradient force) and the second terms gives
the scattering force. Depending on the value of , the resultant force can be directed
towards the higher intensity region or directed away from the higher intensity region.
When > 1, the refractive index of the particle is higher than that of the surrounding
medium, the particle is attracted towards the maximum intensity region (towards the
laser focus). When <1, the patrticle repels away from the focus [126]. For a particle
of radius R, the scattering force acting on the particle can be written as [2]:

£ o128 R m?l 1, 312
s™ c 34 nm(m2+2) ( )

and gradient force is given by:

1 m?! 1
F,=! -n’R® r E2 3.13

g 2 m (m2 + 2) ( )
where m = n,=n;,, and | is the laser intensity. The scattering force is directly propor-
tional to the incident laser intensity and gradient force is directly proportional to the
gradient of the intensity. Thus the intensity gradient can be increased by increasing

both the laser power and the convergence angle.

3.3 Optical tweezers in micro uidic environment

In recent years, there has been a considerable interest in integrating optical tweez-
ers along with micro uidics [1294+131]. Such an integrated approach is used to study
optical sorting, manipulation of single cells, polymer adsorption onto a microsphere
and the control of micro uidic ow [11,132,133]. The most signi®cant advantage
of optical tweezer over other particle manipulation methods is their ability to work
on living cells and inside micro uidic channels in a non-destructive and non-contact
way. Moreover, optical trapping in a owing medium reduces the rise in temperature
at the focal point which is a prerequisite for biological applications. Several attempts
have been made to control or generate uid motion inside a microchannel driven by
optical tweezers [11,134+136]. Higurashi et al. demonstrated the possibility to gener-
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ate liquid ow by rotating a trapped particle having anisotropic shape and a rotational
symmetry [11]. The net optical torque on the particle because of the momentum trans-
fer from the light rotates the micropatrticle at a speed of 100 rpm with moderate laser
power. An alternate method for this technique is demonstrated by Friese et al. by
trapping birefringent particle (calcite particle having 1 m size) by transfer of spin
angular momentum [134]. It is also reported that micro gear shaped structures can
be trapped and rotated [12]. These systems can be applied to develop light driven
micropumps and microstirrers. Terray et al. reported the uid motion in a microchan-
nel driven by optical tweezer. They used a time shared optical trap for activating the
motion of the trapped particles working as a two-lobe gear pump. They achieved a
maximum ow rate of 17 pL=min in6 mx 3 m microchannel [135]. This setup
can be used to develop an optical valve that controls the uid motion. Optical trap-
ping force is of the order of some pN only, so this system can be used at very low ow
rate only. Leach et al. developed a micropump in a micro uidic channel by trapping
two counter rotating birefringent particles using a polarized laser beam to achieve a
maximum ow velocity of 8 m=sbetween the rotating particles in the channel [136].
Wu et al. demonstrated a shear stress mapping sensor based on microparticles trapped
in a microchannel which can be extended to the case of biological cells trapped inside
a channel [137]. Recently, Landenberger et al. reported an optical cell sorter system
based on steerable optical tweezers incorporated in a microchannel [138]. This sys-
tem can be used to transport uorescently labeled cells from the analysis region to
the collection region [58,139]. E. Eriksson reported the observation of changes in the
cell volume when they moved the trapped yeast cell between 2 media in 0.2 s time
frame [130]. They used a Y shaped microchannel and passing two different "uids
through the inlets. This method allows to get the information about the behavior of
the cell at different environmental conditions.

In spite of the emerging importance of integration between micro uidics and optical
tweezers, there is no report on the particle size dependent behavior of an optical trap
in a micro uidic channel. This work reports the size dependent response of silica par-
ticles in an optical trap at 442 nm under a pressure-driven ow in a microchannel and
compare the results with trapping of corresponding particles in a conventional sample
chamber.
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3.4 Velocity pro®le in micro uidic channel

The pressure-driven ow through the microchannel has a parabolic velocity pro®le
with a close-to parabolic shape (Poiseuille pro®le). The parabolic nature of the velocity
pro®le in micro uidic channel is shown in ®g. 3.3.

U min

IU.max
Fig. 3.3: Parabolic velocity pro®le in a micro uidic channel.

In the case of incompressible ow through a rectangular channel oriented along the
X-axis, obeying the no-slip boundary condition (zero velocity at the channel walls), the
“ow velocity at the position (y, z) is given by [137]:

116 p # R 1

uy(y,z) = sin(nw y) sin(sz) (3.14)

n?2 , m?
L n=1,3,..m=1,3,.. nm(m + h_z)

where P is the pressure drop in the channel andL is the length of the channel. For a
rectangular channel, the pressure drop is given by [140]:

L
- 2
p=16 * Ql, (3.15)

Here is the viscosity of the medium, Q is the ow rate through the channel, Ip is
speci®c polar moment of inertia of the microchannel having a cross sectional area\
and is given by [141]:

| =2 (3.16)
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For a microchannel having rectangular in cross section, the moment of inertial, is
given by:
hw 5
lp = E(d + W*) (3.17)
where d is the depth of the channel and w its width. For the ow rates used in the
present studies, the Reynolds numberR; is less than 0.5. R, is calculated using the

equation:

Re= mVD= (3.18)

where |, is the density of the uid, V is the average velocity andD,, is the character-
istic length or hydraulic diameter of the channel. Hydraulic diameter of a rectangular
channel is given by:

2dw

D= e (3.19)

3.5 Force balance condition in an optical trap

At the low Reynolds numbers (in the present case it is less than 0.5), laminar ow
prevails. So Stokes law describes the drag force onto a particle caused by a uniform
“ow very accurately. In the case of a particle moving with a speed , ina uid ow
of velocity u, the hydrodynamic drag force exerted on the particle by the uid is given
by [53]:

F,=6 Ru! ) (3.20)

where Ris the particle radius and is the uid viscosity. In the case where particle is
stably trapped by the laser trap, the particle velocity , is zero. Then the equation for
drag force reduces to:

F,=6 Ru (3.21)

In the case of Poiseuille ow, one has to consider an additional term to drag force ac-
cording to Faxens' theorem (due to parabolic velocity pro®le) [142]. This contribution
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includes the Laplacian of the velocity ®eld and hence the drag force in X-direction on
a stationary particle becomes:

R?
=6 Ru(y.g+ ot “u(y,2)] (3.22)

By neglecting the thermal "uctuations, the net force acting on an optically trapped
particle is given by:

Fiotat = Fnt Fp (3.23)

Optical trapping using a Gaussian beam creates a harmonic potential, the restoring
force F, is given by:

Fp="! Kayap (3.24)

Where k is the trap stiffness and a;, 5, is the displacement of the particle from the trap
center. The parabolic velocity pro®le in uences the axial equilibrium position of the
particle. A particle trapped in a parabolic ow pro®le experiences a velocity gradient
that produces a force (Saffman lift force) perpendicular to the ow direction. The
Saffman lift force which opposes the gravitational force and is given by [143]:

VA
t

AU g 3.25
7 (3.25)

I:saffman: 6-46p m (ux! )R2

Incorporating the additional contribution due to Saffman lift force, we can write the
axial force balance condition as:

4 KT
I:axial > [5 RS( p! m)g + ?! I:saffman] (3-26)

where the ®rst term on the right hand side represents the buoyancy force and the
second term represents the thermal force. For a particle trapped near the bottom wall,
the direction of the Saffman force is opposite to that of the gravitational force as shown

in ®g 3.4.

Usually, the optical trapping experiments are preformed in a sample chamber and the
escape force is determined by moving the sample cell as a whole. Here, the trapped
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Fig. 3.4: Schematic representation of a particle trapped in a microchannel. Optical
gradient force keeps the particle near the focal spot, gravitational force acts
downwards and the lift force opposes the gravitational force.

particle experience a uniform velocity pro®le. Correspondingly, axial force balance
condition can be expressed as:

4 KpoT
I:axial > [g Rg( p! m)g+ LR] (3-27)

Similarly, the force balance condition along the lateral direction can be written as:

k,T
Iﬁateral > [Fh+ ?] (3-28)

By neglecting the thermal forces, the force balance condition at the equilibrium posi-
tion of the trapped particle can be written as:

R2 2
kxXtrap =6 R[ux(y’ Z)+ Er ux(y’ Z)] (3-29)

In the case of particle trapped in a sample chamber, equation for lateral escape force
reduces to eq. 3.21. The value of the velocity in the plane of trapping and its Laplacian
given in eq: 3.14 was evaluated in MATLAB 7.6 (The Mathworks Inc. U.S.A).

By increasing the ow rate, an optically trapped particle can be displaced from its equi-
librium position and eventually move out of the optical trap. By measuring the maxi-
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mum displacement of the particle in X-direction (measured from the images recorded
using a CCD camera), trapping stiffness can be calculated by:

kx = I:escape:)(escape (3.30)

In this study the rotational motion of the particle in a Poiseuille ow is not considered.

3.6 Micro uidic chip fabrication

The micro uidic channel was fabricated using standard soft lithography approach.
The master structure was formed on a silicon wafer using UV lithography on a SU-8
photoresist. Fig. 3.5 summarizes the micro uidic channel fabrication procedure.

A curing agent and Polydimethylsiloxane (PDMS) prepolymer (SYLGARD 184 Silicone
Elastomer Kit, Dow Corning, Germany) were thoroughly mixed in a 1:10 weight ra-
tio. The mixture was stirred well for 10 minutes so that a homogeneous dispersion
was formed. Then the dispersion was placed in a desiccator with a mechanical vac-
uum pump for 45 minutes to remove any air bubbles. The resulting PDMS mixture
was gradually poured over the master structure to a height well above the desired
microchannel depth (approximately 4 mm in the present case). The PDMS slab was
then cured at 70°C on the SU-8 mold. The slab was allowed to cool for 180 min-
utes and then peeled off from the master structure. Due to its hydrophobic nature, a
surface modi®cation of PDMS was needed to fabricate closed microchannels with mi-
croscope cover slips (Menzel-Gl!ser, Thermo Fisher Scienti®c, Germany) of a thickness
of approximately 175 m. The surface modi®cation was done using oxygen plasma
treatment by which ! CH; groups of the PDMS surface gets oxidized to form! OH
groups. Such a surface modi®cation also facilitates the wetting of aqueous solu-
tions inside the micro channel. The oxygen plasma treatment was performed using
a commercial oxygen plasma system (Diener Electronic, Plasma surface technology,
Germany). The cover slip was cleaned using methanol and dried before placing it
along with the PDMS slab inside the plasma chamber. Following the oxygen plasma
treatment for 40 s, the cover slip was bonded to PDMS by pressing the plasma-exposed
surfaces on to each other. The height and width of the fabricated channel was then
measured to be 100 m x 85 m. The length of the microchannel (L) was 5 cm.

In order to enable the pressure-driven ow through the channel, one end of the mi-
crochannel was connected to a syringe pump (KD scienti®c, Germany) through Te on
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Fig. 3.5: Micro uidic chip fabrication process.

tubing (of inner diameter 600 m), while the other end was connected to a sink
through Te on tubes of the same diameter as shown in ®g. 3.6. The ow rate was
controlled using the syringe pump.

3.7 Trapping optics design

Fig. 3.7 shows the schematic diagram of the experimental setup used for particle
trapping. The experimental setup and the parameters are explained in detail in this
section.
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Fig. 3.6: Micro uidic chip fabricated using PDMS. Inlet shows the microscopy image
of the channel.

3.7.1 Trapping source

Infra Red (IR) lasers are commonly employed for optical trapping experiments
due to the lower absorption of biological cells at this wavelength. Focal volume can be
made smaller by employing lower wavelength laser sources for trapping that increases
the optical gradient [144]. The present work adopts 442 nm wavelength for optical
trapping experiments. Assuming the focal volume is ellipsoidal in shape, IR laser gen-
erates a trapping volume of about 1.9 x 10 *¥¥m?3, which is about 15 times higher than

' 19m3). The smaller

that generated by 442 nm laser (trapping volume is about 1.3 x 10
volume of the 442 nm laser trap enables a higher degree of localization of the trapped
particle. Though we can reduce the focal volume, intense irradiation with lower wave-
length sources cause undesirable thermal effects for biological and polymer patrticles.
In order to overcome this, particle to be trapped and the surrounding medium has to

be chosen in such a way that they exhibit no absorption at the trapping wavelength.

A lower wavelength optical trap was constructed using the 442 nm emission from a
He-Cd continuous wave laser (Model IK5651RG, Kimmon Koha Co.Ltd, Japan). Lin-
early polarized output beam had a Gaussian intensity pro®le with a beam diameter (D)
of 1.2 mm. Laser delivers a maximum power of 80 mW at 442 nm wavelength. Laser
takes about 20 minutes for power stabilization and the "uctuation in output power is
about 2% for a continuous operation of 4 h.

An important parameter which ensures the quality of the laser beam is itsM?2 number.
When the value of the M? is unity, the laser has a perfect Gaussian pro®le. A laser
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Fig. 3.7: Schematic representation of the experimental setup used for optical trapping
at 442 nm.

beam with M2 < 1.1 when focused with an aberration free high NA microscope objec-
tive permits to achieve a high quality optical trap [28]. M? number of the laser used
here is 1.06 which is close to the ideal value.

3.7.2 Beam expander setup

Beam expander is an essential element in an optical tweezer setup. Usually, for
trapping experiments, the laser beam has to be expanded to over®Il the back aperture
of the microscope objective lens. Purpose of this is to achieve maximum possible con-
vergence angle. Two types of beam expanders are commonly employed: Keplerian and
Galilean beam expanders. Both the setups consist of two lenses. Keplerian expander
consists of two positive focal length lenses separated by a distance equal to the sum
of their focal length, while Galelian beam expander consists of one negative and one
positive focal length lens. Such a combination requires less optical path than Keple-
rian expanders. In addition, choice of positive and negative lens cancels the effect
of aberrations. Because of these advantages, the present work adopts Galilean beam
expander setup. Fig. 3.8 shows the schematic of the Galilean beam expander setup
used in this work. The input (lensconcave lens, L1) generates a virtual beam focus for
the output lens (convex lens, L2). Present study requires a 9 X beam expander. This
because, back aperture size of the microscope objective used for trapping was 7.6 mm.
To get the 1=¢? intensity of the laser beam at the back aperture of the objective, the
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beam had to be expanded 9 times. For this purpose, a 1 : 9 beam expander purchased
from Bernhard Halle Nachfolger GmbH, Germany was used for the tweezer setup.

Laser in Laser out

L1 L

Fig. 3.8: Galilean beam expander.
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3.7.3 Keplerian beam steering optics

A Keplerian telescopic arrangement consists of two identical plano-convex lenses
(focal length = 25 cm) was used in the setup. Such a system can be used to change
the diameter of the laser output beam. If the lenses are kept at a distance equal to
the sum of their focal lengths, the setup acts as a beam expander/collimator with a
magni®cation ratio equals to the second focal length by the ®rst. In the present setup,
lenses were kept at a distance equal to the sum of their focal lengths. Since the focal
lengths of the lenses are same, this system acts as a 1:1 beam expander. This setup
can be used to control the beam divergence by changing the spacing between the
lenses, i.e, a collimated beam can be made to convergent or divergent, and the reverse
(®g. 3.9). This can be used to control the ®lling factor of the microscope objective lens.
Additionally, changing the optical axis of any of these lenses can be used to vary the
lateral trapping position.

v

A 4

1:1 arrangement

4

v

v

Beam diverging arrangement

W

W

Beam converging arrangement

v

Fig. 3.9: Keplerian beam steering optics
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3.7.4 Microscope and imaging system

The microscope used in the present work was Nikon Eclipse, Ti-U model, pur-
chased from Nikon. This microscope was inverted type equipped with the epi u-
orescence setup. An inverted microscope comprises the bright light source on the
top and the objective lenses connected at the bottom pointing up. Nikon microscope
was equipped with a CCD camera (ANDOR iXon UV-VIS camera, Model DU-897D-
CSO0-UVB) for imaging. The images were captured using Andor software. The image
analysis were performed using Nikon NIS elements software.

Selection of the objective lens is crucial for optical trapping experiments. Ideally, an
aberration free high NA objective lens is preferred (preferably NA > 1). It is reported
that, if the NA aperture of the objective is less than 0.8, the intensity gradient gener-
ated by the lens is not suf®cient to create a 3D trap and results in a 2D trap [145].
Moreover, the size of the focal spot is determined by the NA of the objective lens. In
typical optical tweezers setup, objective lens performs two functions at a time: optical
trapping and imaging. A Nikon Apo TIRF oil immersion objective (MO) with a NA
of 1.49 and 100 X magni®cation was used for trapping experiments. The NA of an
objective lens can be calculated using the formula:

NA= nsin( ) (3.31)

where is the maximum converging angle andn is the refractive index of the medium
in which the light travels. The immersion oil used for the present study was Nikon 50,
Type A oil, MXA 20234 having a refractive index of 1.515. A laser power meter (New-
port, Model1918-C) was used to measure the laser power entering at the objective.
The transmittance of the objective at 442 nm was 62 % (obtained from the manufa-
turer). In addition to the trapping laser beam, the focal region was illuminated using
an incoherent beam from the Nikon microscope for bright light imaging.

To perform the particle size and displacement measurements, the pixel value of the
frame was calibrated. For this, a standard ruler was used. A 25 m line from the
ruler was captured using the Nikon apo TIRF 100X objective and this frame was used
as the reference frame. The calibrated pixel value for Nikon Apo TIRF 100X objective
was 0.149 m=pixel. Nikon NIS software allows the position measurement with an
accuracy of 10 nm.
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Table. 3.1 shows the calibration results for the different objectives used in this
thesis.

Microscope | Frame area Pixel value
Objective | (pixelxpixel) | ( m=pixel)

100X oil 512 x 512 0.149
50X 512 x 512 0.299
20X 512 x 512 0.751

4X 512 x 512 3.741

Table 3.1: Pixel calibration for different microscope objectives

3.7.5 Focal spot size calculation

An ideal Gaussian beam pro®le can be focused to form an aberration free diffrac-
tion limited spot size. The localized electromagnetic ®eld near the focal point is given
by a three dimensional Gaussian beam of axial symmetry having an intensity pro®le,

r? 72
I(r,z) = lgexp! —!
21 27 2122

) (3.32)

Here! p,and! 5 are the beam waist radii in the transverse and axial direction. |, is
the intensity at the focal point (r = z = 0). The focal volume is having an ellipsoidal
shape with an eccentricity . The eccentricity is de®ned as the ratio between the optical
resolution along axial dimension to the optical resolution along the lateral direction.
The diffraction limited Airy's spot radius at the laser focus along the lateral direction
is given by [28,44]:

_ 061

Il = —— 3.33
A NA (3.33)

Similarly, the axial extend of the trapping volume is given by [44]:

| _ 2np,
A TONR

(3.34)

From eq. 3.33 and eq 3.34, it is clear that both the lateral and axial dimension of
the laser focus depends on laser wavelength (directly proportional) and the numerical
aperture of the objective lens (inversely proportional). So the combination of lower
wavelength and the higher NA objective can produce smaller trapping volume.
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3.7.6 Materials

The selection of the trapping wavelength and the particle to be trapped plays a
signi®cant role in the performance of the optical trapping system. To avoid the unde-
sirable thermal effects, one has to choose the particles having no absorption band at
the trapping wavelength. Commonly employed particles for trapping experiments are
dispersed polystyrene micro-spheres. It is reported that the polymer particles are not
stable under high intensity visible irradiation [146]. To determine the stability, inves-
tigated the photo-degradation of polystyrene particles at 442 nm wavelength and it is
found that, these particles undergoes photo-degradation at 442 nm, starts uorescing
and eventually escapes out of the trap [Appendix A]. Therefore, plane silica particles
which exhibits no absorption at 442 nm were used. The surrounding medium was Milli
Q water which also exhibits minimum absorption at this wavelength. The trapped par-
ticle undergoes no photochemical changes even after prolonged irradiation (4 hours).
The particles used in this study were dispersed spherical silica beads with diameters
ranging from 0.5 - 2.59 m (Micro particles GmbH and Micromod GmbH, Germany).
The refractive index of the particles was 1.42 and their density was 2.2 g=cnt. The
dispersed silica particles were surfactant free and charge stabilized.

3.7.7 Effect of aberration at the glass-water interface

The Nikon TIRF microscope objective employed for trapping obeys Abbe's sine
condition (curved lens at the exit) and is free from any inherent spherical aberration.
The difference in refractive index between the glass @) and the trapping medium
(ny,) resultin an increased focal spot at the interface. Although a NA of 1.49 creates an
angle of 79.17° while focusing in the glass, the total internal re"ection due to refractive
index mismatch at the interface reduces the range of incident angles to values below
the critical angle ,. The critical angle is given by [147]:

. N
or = arcsin— (3.35)
Ng

consideringn,, 1.33andny 1.55, then the value of converging angle ., becomes
61.25°. This changes the NA of the objective to an effectiveN Ay¢ ¢ to 1.33. Substitut-

ing this effective numerical aperture value in eq. 3.33, the lateral spot size at 442 nm
obtained as 0.405 m. The focal spot size was experimentally determined by record-
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ing the Airy's spot created at the glass-air interface and was found to be 0.415 m.
Fig. 3.10 displays the Airy's pattern formed at the glass-water interface.

Fig. 3.10: Airys's spot at the glass-air interface formed by Nikon TIRF 1.49 objective at
442 nm.

Calculating the spot size along the axial direction corresponds to 442 nm gived =1.4
m, which gives the value of approximately equal to 4, that matches well with the
reported values [148]. Moreover, optical trapping at a depth 1° away from the interface
causes a shift in the focal plane due to spherical aberration caused by the refractive
index mismatch at the glass-water interface as shown in ®g. 3.11. The shift in focal

Glass

-\ oil

Fig. 3.11: Focal shift due to the refractive index mismatch at the glass-water interface.
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spot can be calculated by [149]:

Nm. o
z=[1! n—g]| (3.36)

Additionally, the short working distance of the high NA objective limits the trapping of
particles at larger depths inside the sample chamber. Hence, in a single beam optical
traps, the particles are commonly trapped near to the bottom wall. In the present case,
particles were trapped 5 m away from the coverslip to avoid the interaction between
the particle and the coverslip. At this trapping height, the effect of evanescent waves
can be neglected. The corresponding shift in the focal spot was 0.6 m (calculated
using eq: 3.36), which results in a trapping at a height of 4.4 m from the coverslip.

3.8 Escape force method

Escape force is de®ned as the external force required to remove the trapped parti-
cle from the optical trapping potential [126]. Escape force depends on several factors
such as laser power, NA of the objective, particle size, ratio of the refractive index of
the particle to that of surrounding medium, absorption of the particle etc [23,42]. Any
aberration induced by the microscope objective also results in a weaker trap [150].

The commonly employed escape force method which make use of uid motion around
the particle was used here to liberate the particle from the optical trap [151]. Initially
the microchannel was placed on the microscope stage and ®xed well to prevent it from
any vibrations. The position of the laser focus was determined by monitoring the Airy's
spot formed at the glass-water interface. Thereafter the laser focus was shifted to the
desired trapping height of 5 m using the focus knob of the microscope. For escape
force measurements, diluted silica particles dispersed in water were taken in a 1 ml
syringe which was connected to a syringe pump. The outlet of the syringe was con-
nected to the microchannel, and the ow velocity was controlled by the syringe pump.
A silica particle was trapped at the laser focus at zero ow velocity. To verify whether
the trapped was trapped in three dimensions, the laser spot was moved slightly, and
it was veri®ed that the particle follows the beam. To study the effect of laser power
and the size of the particle on trapping parameters, experiments were performed at
different incident power levels and for different particle sizes. The following sections
explain the procedures followed in detail and discusses the results.
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3.8.1 Dependence of of laser power on escape force

To study the effect of laser power on the escape force, a set of experiments were
performed at four different power levels with silica particles having 3 different sizes,
0.5,0.85and 1.5 mrespectively. Fig. 3.12 shows the escape force for four laser power
levels (20, 30, 40 and 50 mW). The laser power was measured at the back aperture of
the microscope objective using Newport power meter. Initially the particle was trapped
at zero applied velocity. The corresponding trapping position was recorded using An-
dor camera. Then the ow velocity was gradually increased and the corresponding
particle displacement inside the trap was recorded. This process was continued un-
til the particle escape from the trap. Average value obtained from 5 measurements is
shown in ®g. 3.12. Standard deviation of these 5 measurements is shown as error bars.
It was found that the escape force of all the particles shows a linear dependence on the
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Fig. 3.12: Graph showing the escape force vs laser power for 3 different particle sizes.
Escape force increases linearly with the laser power.

laser power. This is because, as the laser power increases more photons interacts with
the particle resulting in an increased gradient force [30]. The relationship between
trapping force and laser power can be expressed as:

n,Q:P
F,= mc (3.37)
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where Q; is the trapping ef®ciency,cis the velocity of light in vacuum and Pis the laser
power. The reported values from the literature also shows the similar behavior [27,30].

3.8.2 Dependence of particle size on escape force

To study the dependence of particle size on the trapping force, particle size ranging
from 0.5-2.59 m were used. It was possible to ef®ciently trap bigger particles (5 m
and 8 m) inside the sample chamber by employing the commonly used methodology
for bigger particles (trapping near to the cover slip and then moving the trap to the
desired height). However, bigger particles in a micro uidic channel undergo settling
at the entrance of the channel due to the in uence of the gravitational force. When
the particle size is smaller than the focal spot size, particles inside the focus cannot be
located.

Experimental method followed to determine the escape force is explained in sec: 3.8.1.
The process was repeated for 5 particles, and the standard deviation is calculated
and is plotted with error bars. The experiment was performed using three different

laser powers 20, 30 and 50 mW respectively. Fig. 3.13 shows that the escape force
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Fig. 3.13: Graph showing the maximum lateral escape force as a function of particle
radius at 3 different laser powers.

increases as the particle radius increases. The similar behavior was observed at 3
different power levels. This observation can be explained on the basis of particle size
and the trapping wavelength. It is reported that for Rayleigh scattering the maximum
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trapping force exhibits a R® dependence, whereas it is independent of size for very
large particle (Mie scattering) [152]. However, for the intermediate particle size range
as in the present case, the maximum lateral force exhibits a nonlinear dependence on
the particle radius, a crossover from the dependence to an asymptotic plateau [148]
similar to the behavior observed here.

3.8.3 Particle displacement inside the trap

Methods for the calibration of the optical trapping potential rely on the position
detection of the probe patrticle. Particle displacement from its equilibrium position is
a measure of the stiffness of the trap. Mainly two methods have been established
for position detection in optical tweezers. First one is the use of quadrant photo
diodes, which collect the scattered light from the trapped particle. Accurate cali-
bration of the photo diodes allows to measure the position with accuracy of some
nanometers [28, 153]. This method can be used for detecting both the axial and lat-
eral movement of the trapped particle. The second method is based on the image
analysis of the trapped particles. This method also allows nanometer resolution by
the use of image analysis softwares [126, 154]. Additionally, this position detection
method is more “exible and it can be easily extended for the analysis of multiple traps.

The commonly implemented position measurement technique based on image anal-
ysis was used here [126, 154, 155]. The pixel calibration of the recorded frame was
performed as explained in sec:3.7.4. The particle position at zero velocity was taken
as the reference frame. The center of the trapped particle was monitored using Nikon
NIS software. The displacement from the equilibrium position was measured from the
recorded images captured at each applied velocity. Fig.3.14(Top) shows the image of
2.59 msilica particle trapped at 30 mW at the equilibrium position. Fig.3.14(Bottom)
shows the image of the same particle recorded just before escape from the optical trap
(at 560 ml/s).
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1.05um

Fig. 3.14: Images showing the displacement of 2.59 m particle trapped at 30 mW.
(Top) Image shows the trapped position at zero velocity and (Bottom) shows
the trapped position at 560 m=s.

Fig. 3.15 shows the maximum lateral displacement of all the particles. An average
value obtained from ®ve measurements at all power levels is shown with the standard
deviation. Value of maximum displacement exhibits an asymptotic increase with the
particle size. The larger particles showed approximately 0.81R displacement inside
the trap, which is much more than any reported value. Previous investigations on
lateral escape position using single beam optical trap showed that a particle escapes
out of the optical trap when the lateral displacement exceeds 0.5-0.61R [156]. Re-
searchers attributed this to the axial movement of the particles while a lateral force
is applied. In order to increase the axial ef®ciency, the refractive index of immersion
oil is tuned to compensate for the spherical aberration and thereby enhance the axial
stability. Although extent of the lateral particle movement is increased to 0.74 R, the
corresponding potential is observed to be non-harmonic [157]. In the present case, it
is observed that for the larger particles, the maximum lateral movement can be in the
range of 0.81 R, which is much closer to the theoretically predicted maximum lateral
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Fig. 3.15: Graph showing the particle displacement inside the trap as a function of the
particle radius. Y axis represents the ratio of the actual displacement to the
particle diameter.

displacement (0.9 R) of the particle in an optical trap. This observation can be ex-
plained on the basis of the nature of the optical potential created by the optical trap.

The nature of the potential well of the optical trap was determined by measuring the
lateral displacement of the particle at each applied velocity [126]. The uid velocity
was varied step by step and the corresponding particle position was recorded using
Andor camera. The displacement from the equilibrium position is measured as dis-
cussed in the sec: 3.8.3. Fig. 3.16 (Left) shows there is a linear relation between the
applied velocity and the particle displacement. From this results, it is attributed that
the potential well created by the optical trap is harmonic in nature for all the particles
examined.
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Fig. 3.16: (Left) Graph showing the particle displacement and (Right) the correspond-
ing potential energy of the particles at 30 mW.

By knowing the escape force and the corresponding particle position, we can com-
pute the potential energy of a harmonic potential using the equation:

1 2
U(x) = Skx (3.38)

Fig. 3.16 (Right) shows the potential well for the particles trapped at 30 mW. It is
obvious that the potential well created by the optical trap is parabolic in nature as
reported [126]. The similar behavior was observed at different power levels too. The
increased lateral displacement of the particle in harmonic potential can be understood
in terms of high degree of localization of the trapping volume with the employment of
shorter wavelength. The escape trajectory studied under a transverse uid ow pre-
dicted that by con®ning the patrticle in the focal plane, the lateral displacement can be
extended up to 0.97 R[156]. Additionally, the high degree of localization restricts the
range of axial extent to which the particle can be moved while remaining inside the
trap [144]. A recent theoretical simulation on the trapping focal volume and patrticle
size showed that when the particle over®Ils the axial dimensions of the trapping vol-
ume, the movement of the particle along that direction is limited and result in a more
symmetrical trap [145]. In such a situation, under an external transverse ow the par-
ticle is subjected to mainly lateral movement only. In the present case, the axial extent
of the focal trapping volume is about 1.4 m (calculated using eq. 3.34). As a result,
the larger particles move predominantly in the lateral direction and maximum lateral
displacement approaches a value close to theoretically predicted maximum value.
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The behavior of the smaller particles in the range from 0.5to 1 m diameter are an-
alyzed in the next chapter, where we compare the results obtained here to that of
trapped in a conventional sample chamber.

3.8.4 Effect of particle size on trapping stiffness

From the values of the escape force and the corresponding lateral displacement,
we can compute the stiffness of the trap in that direction. Optical trapping stiffness
is given by the ratio of escape force to the corresponding displacement. Addition-
ally, stiffness can be calculated by taking the slope of force versus displacement graph.
Fig. 3.17 shows the dependence of optical trapping stiffness as a function of particle
radius measured for various incident power. An average value of ®ve measurements
is shown with the standard deviation as error bar. From the graph, it is clear that, at
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Fig. 3.17: Graph showing the trapping stiffness as a function of particle radius at three
different laser powers.

all power levels the particles in the range from 0.7 to 1 m showed higher trapping
stiffness than the other particles.

To understand the physical mechanism behind this observation, we compared the ex-
perimental results with the theoretical model predicted by Tlusty et al. [148]. It is
reported that particles of intermediate size with a small refractive index as used here,
the phase difference across the focal plane created by a highly localized beam can be
neglected [27, 148]. Hence, the contribution of interference effect is not considered.
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The localized electromagnetic ®eld near the focal point is given by a three dimensional
Gaussian beam of axial symmetry having an intensity pro®le:

2

I(r,z) = lgexp(! L,

27 2
21027 2122

2

) (3.39)

Here! ,and! , are the beam waist radii in the transverse and the axial direction
respectively, where is the eccentricity. |, is the intensity at the focal point (r = z = 0).
The corresponding expression for transverse stiffness is given by:

S A a \ a? a a a2
ko= ! [ =2 Ve Terf(p)+(—)e 27] (3.40)
while the axial stiffness is:
4 Y S | a2 a a i
k,= I —[ =2e 7€rf(ﬁ§—)! (—)e 22] (3.41)

p n2
where = 1! 2 a=R=! ,and =%! 1.
Fig. 3.18 shows the theoreticalk, (solid line) along with the experimentally measured
stiffness at 30 mW (symbols) for all the particles. The theoretical curve was plotted
for an eccentricity, =4.

It is seen that the optical trap stiffness agrees well with the experimental values except
for the larger particle. The disagreement of larger particle is explained on the basis
of the gravitational force acting on the trapped particle [148]. From the ®g. 3.18, it
is observed that the maximum value of the trap stiffness occurs ata 2, i.e., when
the particle diameter nearly equals twice the lateral beam waist. These results are
consistent with the earlier reported studies showing that for intermediate particle size
range, the optical trap stiffness exhibit a nonlinear dependence [158]. It is observed
that the particles having a volume of the order of the trapping volume, exhibit maxi-
mum value for the optical trap stiffness. In comparison to the commonly employed IR
lasers, optical trapping using 442 nm laser results in a smaller trapping volume. This
small trapping volume causes high degree of localization of the trapped particle and
high gradient force.
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Fig. 3.18: Graph showing the comparison between experimental stiffness with the the-
oretical ®tted value.

In the present case, the focal trapping volume is approximately 1.3 x 10 *°* m?
which fall into the range of particle volumes for 0.7, 0.85, and 1 m particles (1.8
x 10' 1 m3, 3.2 x 10' ** m®, and 5.2 x 10' ** m®, respectively). When the particle

0'?2°m3, for 0.5 m) is smaller than the trapping volume, the particle

volume (6 x 1
can move within the trap which results in a less stiff trap. Moreover, Brownian motion
of the smaller particles results in a weaker trap. In the case of large particles, the spot
size is smaller than the particle diameter resulting in almost same optical trapping
force. However, the maximum lateral movement of the particle in a trap depends
upon the particle radius. As a consequence, with the increase in particle size the
optical trap stiffness decreases considerably (1R dependence in Ray optics regime).
In the present case, the predicted dependence for particles in the geometric optics
regime is not observed, as the particles employed here are still in the intermediate size

range.

3.9 Summary

This chapter explains both the theoretical and experimental methods followed on
optical trapping inside a micro uidic channel. Dependence of laser power and particle
size on optical trapping parameters such as lateral escape force, maximum lateral dis-
placement of the particles inside the trap and trapping stiffness has been performed in
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detail. The maximum lateral displacement can be achieved close to the theoretically
predicted value. Moreover, velocity versus displacement graph shows the constructed
optical trap is harmonic in nature. A theoretical analysis of the experimental stiffness
shows that the experimental result matches well with the theoretical predictions. To
understand the effect of ow pro®le on trapping parameters, it is necessary to perform
optical trapping in a sample chamber where the trapped particle experience uniform
velocity pro®le. Moreover, this chapter considered only the lateral forces acting on the
particle. Next chapter describes the dependence of the ow pro®le and the axial forces
acting on the trapped particle.
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4 Comparison of trapping force in
micro uidic channel with trapping
force in sample chamber

4.1 Introduction

Chapter 3 investigated the trapping parameters (escape force, particle displace-
ment and trapping stiffness) under Poiseuille ow where particle experiences a veloc-
ity gradient in the axial direction. To understand the in uence of ow pro®le on the
trapped particle, optical trapping experiments were performed under the condition
where particle experience uniform velocity pro®le. This chapter reports the trapping
of silica particles trapped in a sample chamber and compare the result obtained from
trapping under Poiseuille ow.
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4.2 Experimental setup

Fig. 4.1 displays the photograph of the experimental setup employed for trapping
experiment. For the details of the trapping optics, reader is referred to sec: 3.7 of this
thesis.

Fig. 4.1: Experimental setup used for optical trapping at 442 nm.

Fabrication of sample chamber

The sample chamber consists of two 175 m thick cover slips (Menzel-Gl'ser,
Thermo Fisher Scienti®c, Germany) separated by a 200 m thick spacer. It contains a
rectangular chamber of dimension 1cmx 1 cmas shown in ®g. 4.2. This well was ®lled
with the particle suspension before ®xing the second cover slip on the top. Special care
has been taken not to include any air bubbles inside the sample cell.
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Fig. 4.2: Schematic diagram of the sample chamber used for trapping experiments.

Piezo stage

Piezo stage used for the present study was a capacitive piezo-driven XYZ nano-
stage (Model Nano-LPQ, Optophase, France). Technical details of the stage is given
in table 4.1. Piezo stage was ®xed on the Nikon Eclipse microscope (Nikon TE 2000

Axis | Range of motion | Resolution | Stiffness
m nm N/ m
X 75 0.2 1
Y 75 0.2 1
z 50 0.1 1

Table 4.1: Technical speci®cations of Nano-LPQ translational stage.

inverted microscope). Motion of the stage was controlled by Nano-Drive 85 controller
using a LabVIEW program.
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4.3 Escape force- Comparison between 2 methods

Here, the relative motion between the trapped particle and the laser focus is
achieved by translating the piezo stage at a ®xed velocity. The escape force is de-
termined from the critical velocity at which the particle escape out of the trap [28].
Thus, by knowing the velocity of the stage at which the particle escapes from the trap
( p), the maximum trapping force can be calculated using the eq. 3.21. Additionally,
trapping of the particle near the wall results in a hydrodynamic coupling between the
trapped particle and the chamber wall and consequently in uences the drag force ex-
perienced by the particle [152]. After incorporating the hydrodynamic coupling effect,
equation for the drag force can be written as:

. 6 Rp 4.1)
escape— 9 R, 1/,R\3| 45 /Ry4; 9 /R\5 .
157+ 807! 55D 5(5)

where | is the distance from the bottom wall to the trapping position.

Experimental procedure to determine the escape velocity is as follows. The laser focus
at the interface was determined by monitoring the Airy's pattern at the glass-water
interface. Then the laser focus was shifted to the desired trapping position (5 m from
the coverslip). A single silica particle was trapped at the laser focus at zero applied
velocity, i.e, keeping the piezo stage at rest. Then a linear ramp was applied to the
stage, simultaneously the corresponding displacement of the optically trapped particle
from the equilibrium position was recorded. By increasing the stage velocity in the X
- direction, the particle eventually escapes from the optical trap. This critical velocity
was considered for the escape force calculation.

To compare with the previous results (Poiseuille ow method), trapping experiments
were performed for particles, ranging in size from 0.5 mto 2.59 m at three dif-
ferent power levels (20, 30 and 50 mW). Fig. 4.3 shows the combined result of all
the particles examined at three different power levels. An average value obtained
from ®ve measurements is shown here and the standard deviation obtained from these
measurements are plotted as error bars.
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Fig. 4.3: Graph showing the escape force at different power levels for Poiseuille ow
(Red symbols) and for sample chamber (Black symbols).

Fig. 4.3 shows a nonlinear increase in the escape force with the particle radius.
Earlier studies report that, for Rayleigh regime the maximum trapping force exhibits a
R® dependence, whereas force is independent of particle size for large particles (Ray
optics regime) [152]. However, for the particles of intermediate particle as in the
present case, the maximum lateral force exhibits a nonlinear dependence on the par-
ticle radius, a crossover from the R® dependence to an asymptotic plateau [148]. The
linear dependence of optical trap to the input power was ensured by measuring the
escape force at different intermediate power levels between 20 and 50 mW. The data
plotted in ®g. 4.3 also shows that the escape force is higher in the case of Poiseuille
“ow, for the particles in the range of 0.7 to 1.5 m. It is reported that, axial motion
of the trapped particle in uences the their axial stability inside the trap [156]. As a
result, the axial equilibrium of the particle in an optical trap is broken before it reaches
the maximum lateral displacement. The minimum optical force required for holding
a particle axially in an optical trap against gravity and the thermal motion is given
by [159]:

numinQa

4 KT
Fon= ——2= — R( ,! + — 4.2
min C 3 ( p m)g R ( )
where P, is the minimum power required, Q, is the axial trapping ef®ciency, g is
acceleration due to gravity, k,, is the Boltzmann constant and T is the temperature.

When F,,;, is smaller than the combined effect of gravity and the thermal force, the
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axial equilibrium of the particle is broken and the particle escapes from the trap. To
evaluate the axial stability of the trapped patrticle, it is necessary to consider the axial
forces in both the ow conditions.

4.3.1 Effect of gravitational force

The equilibrium position of a trapped particle depends on the axial forces acting
on it. In the present case, axial forces acting on the particle are gravitational force,
Saffman lift force and the optical forces. To understand the in uence of gravity, it is
important to determine the equilibrium position of the trapped particle. This section
provides the experimental method to determine the trapping position.

Silica particles having diameter 1 m was ®xed on the bottom surface of a sample
chamber containing water, then scanned below and above the focus using a piezo
stage with a step size of 40 nm. The objective used for imaging was Nikon TIRF 100X
objective. The corresponding images were recorded, and the intensity pro®le was
plotted along the center of the particle (green line on the images) using Nikon NIS el-
ements software. Images and the corresponding intensity pro®le are shown in ®g. 4.4.
The scanned images were compared with the image of the patrticle trapped at 30 mW
under similar illumination conditions. From ®g. 4.4, it is evident that the image and
intensity pro®le of the trapped particle matches well with the image recorded at 120
nm below the focus.

From ®q. 4.4, it is attributed that the trapped particle stays below the focus at zero
applied velocity. This situation can be explained as follows. The gradient part of the
optical force depends upon n, where n is the difference between the refractive
index of the trapped particle and the surrounding medium, whereas the scattering
part depends upon n? [151]. Normally, the scattering force shifts the trapping

position slightly beyond the focal point. A relatively small difference in refractive

index ( n=0.09) in the present case results in a negligible scattering force, and con-
sequently trapping of the silica particles occurs close to the focal point for vanishing
o =2.2 g=cnr) makes the
effect of gravity signi®cant and shifts the trapping position below the focal plane. Ad-
ditionally, a particle trapped in a parabolic ow pro®le experiences a velocity gradient

“ow. Furthermore, the higher density of the silica particle (

that produces a force (Saffman lift force) perpendicular to the “ow direction.
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Fig. 4.4: Image analysis showing the particle images and the corresponding intensity
pro®le. Comparing the scanned images and the intensity pro®le with the
trapped image, it shows that the particle is trapped 120 nm below the focal
plane.

4.3.2 Effect of lift force

As mentioned in the previous chapter, a particle trapped in a parabolic ow pro®le
experiences a velocity gradient that produces a force (Saffman lift force) perpendicular
to the ow direction. The Saffman lift force which opposes the gravitational force and
is given by [143]:

I:saffmanz 6-46p T(ux ! )Rz Az (4-3)
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For the particles employed here, the magnitude of the Saffman lift force (evaluated at
the ow velocity where the particle escapes from the trap at 30 mW) and the gravita-
tional force are shown in ®g.4.5.
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Fig. 4.5: Graph showing the gravitational force acting on the silica particles and the
lift force (evaluated at the ow velocity where the particle escapes from the
trap at 30 mw).

Fig. 4.5 shows that, except for the largest particle, the Saffman lift force is higher or
comparable in magnitude with the gravitational force. As the trapped particle moves
away from the equilibrium position, the lateral gradient force decreases that results in
an increased axial motion of the particle. In the case of particles trapped below the
focus as in the present case, the gravitational force can destabilize the trap before the
particle reaches its theoretically predicted maximum displacement. So in effect, this
can lead to reduced lateral escape force. Now considering the situation where particle
is trapped under Poiseuille ow, the effect of gravitational force is compensated by the
lift force. In order to liberate an optically trapped particle along the axial direction in

a Poiseuille ow, at the escape position the combined effect of the gravitational force
and the thermal force has to be greater than that of the optical trapping force and the
Saffman lift force. So an additional contribution of the lift force against gravity keeps
the particle close to the higher intensity region which leads to the higher trapping force
in the case of Poiseuille ow. Moreover, the reduction in localized temperature at the
focal pointin a owing medium decreases the Brownian uctuations of the particle and
thus increases the stability of the optical trap. But in the situation where the particles
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trapped inside the sample chamber, particles experiences a uniform velocity pro®le,
i.e, there is no lift force present to overcome the effect of gravitational force. So the
trapped particles escape at lower applied force. However, for the particles with size
2.59 m, the escape force and the maximum displacement is similar. This behavior
can be explained as follows. A recent study on the trapping focal volume and patrticle
size showed that when the particle over®Ils the axial dimensions of the trapping vol-
ume, the movement of the particle along that direction is limited and result in a more
symmetrical trap and increased axial stability [145]. Hence, it is attributed that the
axial movement of the 2.59 m is limited because it exceeds the axial dimension of
the trapping volume. Under such an axially stable trapped position, behavior of the
particle inside the trap is not in uenced by the external axial forces.

4.3.3 Displacement of the patrticle inside the trap

In uence of ow pro®le on the trapped particle was further con®rmed by study-
ing the displacement of the particle inside the trap in both the ow conditions. For
this, the trapping position of the particle at each applied velocity was recorded using
CCD camera. Displacement measurements were performed using Nikon NIS software.
Initially the particle was trapped at zero applied velocity and the center of the parti-
cle was determined using the NIS software. This position was taken as the reference
frame for the displacement measurements. An average value of 5 measurements at
each laser power as a function of particle radius is shown in ®g. 4.6 and the standard
deviation was plotted as error bars. Harmonic nature of the optical potential was con-
®rmed by plotting velocity versus particle displacement as shown in ®g. 4.7. It was
found from ®g. 4.6 that, for particles having sizes 0.7 , 0.85, and 1 m, the lateral
displacement was higher in the case of Poiseuille ow. As mentioned in the earlier sec-
tion, the maximum lateral displacement in both con®gurations is limited by breaking
of axial equilibrium of the particle. For an optically trapped particle, the maximum
optical trapping force is experienced at the vicinity of the focal plane and it decreases
away from the focal plane. Thus in the case of a particle trapped in a sample chamber,
the particle breaks the axial equilibrium position when

4 Ky T
Frin <[5 R p! o+ =2 (4.4)
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Fig. 4.6: Graph showing the particle displacement inside the trap in both the ow con-
ditions, by Poiseuille ow (Red symbols) and by piezo stage (Black symbols).

However, the force required to retain an optically trapped particle along the axial
direction in a Poiseuille ow is less by an amount equal to the Saffman lift force is:

4 kT
I:min < [g ﬁ( p! m)g+ ?! Fsaffman] (4-5)

In the case of larger patrticle, the Saffman lift force is negligible in comparison with the
gravitational force, so the particle shows similar displacement in both the cases.
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4.3.4 Comparison of trapping stiffness

Fig. 4.8 shows the trapping stiffness of all the particles at three different power
levels. The lateral stiffness of the optical trap is found to follow similar behavior in
both "ow con®gurations. In both the ow conditions, particles with size in the range
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Fig. 4.8: Stiffness of the trapped particle in both the ow conditions, by Poiseuille ow
(Red symbols) and by piezo stage(Black symbols).

0.7 -1 m showed higher trapping stiffness than other particles. This behavior is
theoretically explained in sec: 3.8.4 of this thesis.
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4.4 Summary

This work compares the size dependent behavior of the optically trapped silica
particles in a micro uidic channel under a pressure driven ow to the corresponding
particles trapped in a sample chamber. It was found that the Saffman lift force gen-
erated due to parabolic velocity pro®le in the case of Poiseuille ow in uences the
axial stability of smaller particles and increases the maximum lateral escape force. The
lateral stiffness of the optical trap is found to follow similar behavior in both “ow con-
®gurations. The maximum lateral displacement of the particle inside an optical trap
approaches the theoretically predicted maximum value when the particle was con®ned
in a small volume with the employment of lower wavelength for trapping. From the
present study, it is concluded that,

(1) The ow pro®le has to be taken into account especially when the particle size is
smaller than axial extent of the trapping laser beam

(2) The theoretically predicted maximum lateral displacement can be experimentally
observed using escape force method by con®ning particles to smaller volume with the
usage of appropriate wavelength.

66 4 Comparison of trapping force in micro uidic channel with trapping force in sample chamber



5 Transport processes at uid- uid
Interface

5.1 Introduction

This chapter is divided into two parts: Part | provides an introduction to the basic
theory behind the novel particle manipulation technique presented in this work. This
section covers the basics of interfaces and interfacial ows generated by the surface
tension gradient (Marangoni ow). Part Il of this chapter gives a brief introduction to
photoswitchable surfactants with an emphasis on the properties of the surfactant used
in this work.

5.2 Interfaces and interfacial transport phenomena

Two immiscible "uids are separated by a boundary, so-called interface or surface.
Interfacial phenomena such as adsorption, transport processes across the interface and
wetting are relevant in day to day life to industrial applications. An interface is not
an in®nitesimal sharp boundary in the direction of its normal, but it has a certain
thickness [160]. Depending on the nature of the phases, the interface can be uid-
“uid or solid- uid. Fluid-uid interface can be further divided into two: liquid-gas
interface or liquid-liquid interface. An interface is commonly called as surface when
one of the phases is vacuum or gas. The most relevant parameter that determines the
property of an interface is its interfacial energy or interfacial tension.

5.2.1 Surface tension

Surface tension is the property of liquids arising from the unbalanced molecular
cohesive forces near the free surface [161]. Surface tension is a measure of the energy
shortfall per unit surface area. If the cohesion energy per molecule is denoted byU
and a denotes the molecular dimension, then the surface tension is of the order of

U=2a? [161]. This relation shows that surface tension is dominant for liquids
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with large cohesive energy and small molecular area. This is why mercury has a large
surface tension compared to that of organic liquids. Surface tension is the reason why
small liquid drops tend to minimize the surface area by forming spherical shape.

Air

Water

Fig. 5.1: Schematic illustration of the molecular basis of the surface tension.

Consider the case of water taken in a at vessel where the top surface is open. Each
water molecule is attracted to its neighboring molecules by a force which may be due
to van der Waals force or hydrogen bonds [162]. In the bulk, the net force acting on
the molecule is zero because a molecule is attracted equally in every direction, i.e.,
molecules are in a uniform force ®eld. In the case of a molecule at the free surface,
the net attraction from the bulk liquid is much higher than that from the gas phase,
resulting in an energetically unfavorable state. This leads to an internal pressure and
force making the surface contract to its minimum surface area. Fig. 5.1 schematically
represents the force acting on the molecules both in the bulk (yellow spheres) and
at the interface (red spheres). The same reasoning applies to the interface between
two immiscible liquids, for example water and oil. Molecules near water-oil interface
are in an energetically unfavorable situation due to the unequal attractive forces from
the two phases. In this case, the net pressure on the molecule is called interfacial
tension instead of surface tension. Interfacial tension is the reason behind the natural
phenomena like bubble formation and separation of oil in water. The surface tension
of water-air system is about 72 mN/m at room temperature, and for most of the water-
oil interface, it is about 50 mN/m. Surface tension is a vital parameter whose effect
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increases as the length scale of the system decreases [75]. So surface tension plays a
pivotal role in micro uidics where surface area to volume of a uid element is large.

5.2.2 Micro uidic governing equations

Micro uidic ows are characterized by being laminar [75]. The Laminar ow of an
incompressible Newtonian "uid of uniform density ~ and viscosity is governed by the
Navier - Stokes equations (conservation of momentum) and the equation of continuity
(conservation of mass) [75, 163]. The time dependent Navier - Stokes equation is
expressed as:

%+(u rju =1Ir p+ r2u+F, (5.1)

where u is the uid velocity, p is the pressure andF, is the body force. For a uid
moving with a velocity u, the relevance of the inertial force and the viscous force is
given by a dimensionless quantity called Reynolds number [75]. The Reynolds number
is given by:

R.= uDy= (5.2)
where D, is a characteristic dimension of the system, for e.g., the diameter of a pipe
or the thickness of a liquid ®Im. For a micro uidic system, this length is so small that
the ow has low Reynolds number. This means, the viscous force dominates over the

inertial force. In this limit, the pressure force is balanced solely by the viscous force.
Then the Navier-Stokes equation reduces to the Stokes equations:

—=1Ir p+ r?u+Fk, (5.3)
The continuity equation for an incompressible liquid (  is constant) is written as:
r u=20 (5.4)

Additionally, boundary conditions need to be speci®ed at the "uid interfaces, e.g., no-
slip at the solid walls and continuity of velocity and stresses at the uid- uid interfaces.
Consider a liquid ®Im of height h and width w as shown in ®g. 5.2.
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Fig. 5.2: Schematic representation of a liquid ®m having heighth, and width w.

The no-slip boundary condition at the bottom wall ( y = 0) is given by:
u=20 (5.5)

At the free surface with y = h, there arises two stress boundary conditions, namely

the normal stress balance condition and the tangential stress balance condition. At
the interface, the projected stress tensor is balanced by the surface tension forces. In
general, we can write the stress balance condition at the liquid-gas interface as [75,

163]:

n%l'g!n§f,= n(r n)!r o (5.6)
where n SEr gandn $;I'l are the stresses exerted by the gas on the liquid and the liquid
on the gas respectively. The ®rst term on the right hand side of the eq. 5.6 represents
the normal curvature per unit area and the second term corresponds to the tangential
stress associated with the gradient in surface tensionr ¢ denotes the surface gradient
operator de®ned asr ;= r! n(r n).

The normal stress at the free surface is balanced by the curvature force associated with
the surface tension which can be represented as (neglecting the viscous stress from the
gas phase) [75]:

n ﬂiI'| n=1! (r n) (5.7)

$
where n is the unit normal to the surface and T, is the stress tensor. Stress tensor can
be written as the sum of pressure and viscous contributions [163]:

$ $ $
T=!pl+2 E (5.8)
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$
where E is the deviatoric stress tensor:

s 1
E= 5[r u+(ru’ (5.9)

$
and | is the identity matrix.

The tangential stress arises from two sources: the component of the viscus stress tan-
gent to the interface and the tangential stress caused by a gradient in surface ten-
sion [75]. The tangential viscous stress is discontinuous if the surface tension is not
uniform along the interface. The tangential stress balance condition at the free surface
can be written as (neglecting the viscous stress from the gas phase) [163]:

$
n T| t=r s t (510)

where t is the unit tangent to the interface. The tangential component of the hydro-
dynamic stress at the surface must balance the tangential stress associated with the
gradient in surface tension. This results in a hydrodynamic ow known as Marangoni
“ow [82].

5.2.3 Marangoni ow

Molecules in a region of higher surface tension bind the nearby molecules stronger
than those in a lower surface tension region. As a result, the molecules are attracted
towards the higher surface tension region. Presence of a gradient in surface tension
on a uid surface creates a hydrodynamic ow from a lower surface tension region to
a higher surface tension region. This effect is known as Marangoni effect, named af-
ter the Italian physicist Carlo Giuseppe Matteo Marangoni (1840-1925) [82]. Fig. 5.3
schematically represents this phenomenon. The Marangoni effect can occur in both
single- and multi-component systems [162]. The rate of this hydrodynamic ow de-
pends on the magnitude of surface tension gradient and the liquid properties.

The surface tension of a system depends on concentration and temperature at the lig-
uid surface [82,164]. So the gradient in surface tension can be developed by altering
any of these parameters. If the Marangoni effect is generated due to the concentra-
tion gradient, the effect is called Solutal Marangoni effect, and if the ow arises due
to the temperature gradient, it is called thermal Marangoni effect [165, 166]. Solu-
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Fig. 5.3: Marangoni ow at the liquid-gas interface

tal Marangoni ow can be developed by the use of surface active materials [10] and
chemical reactions [167]. The thermal Marangoni ow can be generated by locally
heating the liquid ®Im or substrate [168]. This type of ow can be seen in pure liquids
too. Since the surface tension of majority of liquids decrease with the temperature, the
induced ow directs away from the hot region [165]. In multi-component systems, a
gradient in surface tension arises due to the adsorption related phenomena or due to
different evaporation rates of the system [162].

Tears of wine on a glass surface is a typical example for solutal Marangoni effect [169].
This phenomena is qualitatively explained by James Thomson (1822-1892) [170].
Wine is a mixture of water and alcohol. Alcohol has a lower surface tension than
that of water. At the glass surface, due to the capillary forces, wine climbs upward to
form a thin liquid ®m. Alcohol is more volatile than water which results in increased
evaporation of the alcohol. As the content of the alcohol decreases, the surface ten-
sion of the ®Im increases. So more molecules get attracted towards this region. This
process continues until the drop falls down due to the gravity which appears as tears
of wine. This shows that Marangoni effect is able to drive liquids along the interface.

In short, variation in surface tension at the free surface cause imbalance in shear stress,
which results in the "uid motion. Now consider the stress balance condition along the
x-direction (neglecting the tangential stress from the air), the force balance condition
at y = hy becomes [163]:

du d

—_— = — 511
dy dx ( )
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where u is the velocity at the free surface.

In the limit of low surfactant concentration and small temperature variation, the sur-
face tension of a liquid surface as the function of both the temperature (T) and the
surface excess concentration () can be expressed as a linear relation [171]:

= o! f(TVY T (! 1y (5.12)

where | is the surface tension of the pure solvent. Surface excess concentration gives
the number of solute molecules present at the interface per unitarea. 1 =! @ =@r
is the thermal expansion coef®cient of the material which gives the change in cohesive
force with the temperature. For most liquids, surface tension vanishes at the critical
point which indicates that the cohesive force between the molecules in the liquid de-
creases with increasing in temperature. 1 for water at room temperature is about 1.5

x 10" * N/mK [163]. |, = ! @ =@ is the solutal expansion coef®cient which can be
either negative or positive.

Under isothermal condition, the surface tension of a system can be altered by chang-
ing the concentration of the system using surfactants. In general, surfactants have
the tendency to adsorb to the interface, thus reducing the interfacial tension. The
resultant interfacial tension depends on the chemical composition and the concentra-
tion of the surfactant [160]. Relation between the surface tension and the surfactant
concentration can be expressed as [163]:

= ol (M1 1Y) (5.13)

Let us consider a small element of lengthdx along the interface as shown in ®g. 5.3,
the gradient in surface tension is expressed in terms of gradient in concentration as:

d d d 5 14

dx d! dx (5-14)
Combining eq: 5.13 and eq: 5.14, we obtain:

d _ d! 5 15

dx ~ 'dx (5.15)
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Equating with the stress balance condition to obtain:

du !, d! (5.16)
dy dx '
For a horizontal surface and zero pressure jump across the interface, the horizontal
velocity ®eld aty = h, is expressed as [172]:

I, d!
= ——h 5.17
u axo (5.17)

This assumesr p = 0, i.e, no back ow. The direction of the ow depends on the
nature of ,, that can be either positive or negative. The strength of the solutal
Marangoni ow is characterized by a dimensionless number called solutal Marangoni
number which can be expressed as [173]:

| ho I
Ma, = —— (5.18)
! D,
where ! s the difference in concentration and Dy is the molecular diffusivity of the

surface active material.

The present work focuses on light-induced solutal Marangoni ow. In this context, the
following section of this chapter outline the basic properties of the surfactants with an
emphasis on the photosurfactant material used in the present study.
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5.3 Photoresponsive surfactants

A surfactant is a chemical compound which alters the interfacial tension between
two immiscible phases by adsorbing at the interface [160]. This change in interfa-
cial tension depends directly on the replacement of the pure solvent molecules by
the surfactant molecule. The reduction of the surface tension depends on the ex-
cess concentration of the surfactant molecule at the interface which is given by Gibbs
adsorption equation [174]:

where d is the change in surface tension of the solvent,! ; is the surface excess con-
centration of the surfactant molecule and d ; is the change in chemical potential of
the system.

Surfactant ®nds numerous applications in the ®eld of petroleum processing, life sci-
ences, painting, health and food industry [174]. Applications also include modi®cation
of wettability of a substrate, stabilization of dispersion (foams or emulsions) and cre-
ation of interfacial ows [160,174,175]. Surfactants are amphiphilic molecules, which
show af®nity for both polar and non-polar groups [174,175]. The polar group is typ-
ically aligned in contact with the aqueous phase while the non-polar phase stretches
out into the other phase. Polar interaction is stronger than non-polar interaction, so
the surfactant molecule form a bulky polar head and a stretched non-polar tail. For
an air-water interface, the hydrophobic part of the surfactant orients towards the air
phase so as to minimize contact with the water phase and the hydrophilic portion ori-
ents in contact with the water molecules which leads to the decrease in free energy of
the whole system [160]. This situation is schematically represented in ®g. 5.4.
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Fig. 5.4: Surfactant molecule at the interface.
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Surfactants are generally classi®ed on the basis of the ionic character of their hy-
drophilic group. Anionic surfactants have a negative charge (due to the presence of
carboxyl, sulfonate or sulfate groups), cationic surfactants have a positive charge (e.g.,
guaternary ammonium halides), nonionic surfactants bear no charge but derive their
water solubility from highly polar groups such as polyoxyethylene or polyol groups and
zwitter ionic surfactants have both negative and positive charge (due to the presence
of sulfobetaines) [162].

For a freshly prepared solution, the surface tension of the solution containing surfac-
tant will be close to that of the pure solvent. Surfactant molecules need to diffuse,
adsorb and orient at the interface [176]. This means, the reduction in surface tension
is not instantaneous. Adsorption continues until the surface reaches at its equilibrium
surface tension. At equilibrium state, the adsorption rate and the desorption rate are
equal [162]. The time required for reaching the equilibrium surface tension depends
on the nature of the surfactant, their concentration and temperature. This time scale
can vary from some milliseconds to many days [177].

In solution, surfactants exhibit a tendency to self associate to form micelles [178]. The
hydrophobic part of the surfactant is responsible for both the adsorption at the inter-

face and the micelles formation in the solution. Fig. 5.5 schematically represents the
mechanism of adsorption, desorption and micelle formation.

Gas

MMJM

Desorptlo dsorptlow \
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Fig. 5.5: Adsorption and desorption mechanism in micellar solutions.
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Aggregate formation happens when the surfactant concentration is above a particular
concentration called critical micellar concentration (CMC) [160]. Above the CMC, the
surface tension of the solution does not change but remains constant as the interface
is saturated with the surfactant molecules. Micelles are formed in such a way that the
hydrophilic part of the surfactant is in contact with the surrounding liquid. The shape

of the aggregate depends on the temperature, surfactant concentration or any other
additives in the solution. The shape can be spherical, rod-like, worm-like or lamellar
sheets [175]. Below the CMC, the surfactants exist as unassociated molecules. The
presence of micelles changes the properties of the solvent such electrical conductivity
and light scattering [162].

Once the saturation state is achieved, an interface hosting a monolayer of the sur-
factants exhibit uniform surface tension all over the interface [179]. To generate an
interfacial ow based on solutal Marangoni effect, one has to alter the surface tension
locally. This can be achieved by stretching the ®lm, evaporation or by chemical reac-
tion. Another possibility is the use of photosensitive surfactants.

Photosensitive surfactants are capable of changing interfacial properties on irradiation
with light. This offers a non-contact manipulation of interfacial properties. Photore-
sponsive surfactants found numerous applications in micro uidics and biological sci-
ences [180]. Photocontrol offers high spatial and temporal resolutions. Photorespon-
sive surfactant contains a photochromic functional unit such as azobenzene [181],
stilbene or spiropyran [182] in their hydrophobic tail. Both the azobenzene and
spyropyran exhibits reversible structural change under UV - Visbile irradiation. UV
illumination induces a conformational change that changes the interfacial and self-
assembly properties of the photosurfactant [91]. Such a photoactive molecule has
numerous applications, ranging from life science [180] to interfacial uid mechan-
ics [9, 10]. A few to mention are the creation of a reversible wettabilty gradient over
a solid surface [9] or an interfacial-tension gradient at a liquid-liquid interface [10] to
transport millimeter-sized droplets.

The present work adopts photoswitchable surfactant incorporated with an azobenzene
molecule for generating light-induced Marangoni ow that is capable of trapping and
manipulation of particles adsorbed to the gas-liquid interface. Interfacial and bulk
properties of the surfactant are controlled by the photoswitching of the azobenzene
group. Owing to its clean photochemistry, azobenzene is the most popular candidate
among the light-responsive molecules [112,183].
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Azobenzene molecule is characterized by the azo bond (-N=N-) that bridges two
phenyl groups. The absorption of light anywhere within the broad trans absorption
band will elicit photochemical isomerization to the cisstate as shown in ®g. 5.6.

K, = Q_©@

hv,, kgT N=—N

the trans(E) state the cis(Z) state

Fig. 5.6: Photoswitching of azobenzene ff ; > h »).

The reverse transition from the cisto the trans form can happen via two routes, either
via irradiation with the appropriate wavelength or via thermal relaxation. In general,
the thermal relaxation path is slow and the rate of reverse switching depends upon the
substetuent group in the phenyl ring [112]. In order to explain the photoisomerization

of the azobenzene molecule, two different pathways have been proposed: a twisting
around the N=N double bond (rotation mechanism) and planar variation of the one
of the C-N-N angles (inversion mechanism) [184]. Photoisomerization also induces a
change of the molecular size. The conversion from thetans to the cisstate reduces the
distance between the ends of the moiety from 0.99 nm in thetrans state to 0.55 nm in
the cisstate [112]. The steady-state composition of a bulk azobenzene sample under
irradiation with an appropriate wavelength depends upon the competition between
photoisomerization and thermal relaxation back into the trans state. At room temper-
ature, the trans state is thermodynamically favored over the cisstate by an energy shift
of 50 kd/mol. The excitation energy for the photo-excited state is 200 kJ/mol [185].
Photoisomerization happens at a time scale of picoseconds [184]. The steady-state
composition as well as the photoisomerization rate of an azobenzene sample depends
upon the irradiation intensity, wavelength, temperature, as well as the composition of
the host matrix [181].

Several photoswitchable surfactants which exhibits switchable surface tension can be
found in the literature, but the difference in saturated surface tension between the

78 5 Transport processes at "uid- uid interface



trans and the cisstate is very small [186, 187]. An exemption is the work by Shang et
al., who reported a new class of photosurfactant material containing azobenzene with
large surface tension difference between thetrans saturated state and thecissaturated
state [181]. Among the class of compounds studied in ref. [181], a molecule abbrevi-
ated as C;Azo0OGE, (diethyleneglycol mono(4',4-butyloxy,butyl-azobenzene)) which
exhibits a surface tension difference of more than 10 mN/m is used for the present
work.

5.3.1 Properties of C4;Az0OGE, surfactant

C,Az00GE,; is a nonionic, water soluble surfactant consists of a polar di(ethylene
oxide) head group attached to an alkyl spacer of four methylene groups [181]. The
hydrophobic tail of the surfactant is linked with a photoswitchable azobenzene moiety.
Both the azobenzene and the ether group play important roles in the control of chemi-
cal structure of the photosurfactant and hence the surface tension. The photoswitching
behavior of the surfactant is controlled by the photochromic azobenzene molecule in-
corporated into the hydrophobic tail of the surfactant. The photosurfactant exists in
two isomeric states, atrans and a cis state. The trans state is the thermodynamically
stable state. Light of 325 nm wavelength induces the photoisomerization from the
trans to the cis light of 442 nm does the reverse. The surface tension of an aqueous
surface covered with corresponding molecules depends on the illumination conditions.
The molecular structure of C;AzoOGE, is shown in ®g. 5.7. The relative molecular
weight of the photosurfactant is 414.6.

=N
N

O/\/\/O\/\O/\/OH

Fig. 5.7: Molecular structure of C;Azo0OGE,.

The trans form of the surfactant has a planar structure with a dipole moment of 0.5 D
while the cisform has a loop form with a dipole moment of 3.1 D, where D is the Debye
unit = 3.336 x 10 ' % Cm. For pure water, the dipole moment is about 2 D [162]. In the
planar structure, the surfactant orients away from the interface as shown in ®g. 5.8.
A system with predominantly cisisomers has substantially higher surface tension than
a system with an excess oftrans isomers. Table. 5.1 summarize the properties of the

5.3 Photoresponsive surfactants 79



325 nm v

_—
442 nm
Water &
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Fig. 5.8: Schematic representation of the orientation of the photosurfactant at the
water-air interface.

surfactant at their trans and cis states.

Parameter the trans state | the cisstate
CMC ( M) 1.6 23.8
cme ( N=m) 28.9 39.6
Adsorption coef®cient (m3=mol) 1380 555
Molecular area (; ?) 21 35
Dipole moment (D) 0.5 3.1

Table 5.1: Properties of the photosurfactant material [181]

The difference in saturated surface tension between thetrans state and the cis state
varies with the surfactant concentration. C;AzoOGE, exhibits a surface tension dif-
ference of more than 10 mN/m between the two states for a wide range of concentra-
tion above their CMC [181]. Fig. 5.9 shows the equilibrium surface tension of all the
photosurfactant solutions measured at various surfactant concentrations (reused with

permission from Langmuir, [181]). Fig. 5.9(b) represents the data corresponding to
C,Az00GE;.
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Fig. 5.9: Concentration dependence of equilibrium surface tension of photoresponsive
surfactants under visible (squares) and UV light (circles). The open sym-
bols represent the original data and solid symbols represent data corrected
for interfacial adsorption to give the bulk concentration. Fig. 5.9(b) repre-
sents the data corresponds toC,Az0OGE,. Reused with permission from
Langmuir [181]).

It is reported that the cisform of the surfactant reaches the interface quickly, lead-
ing to a cisrich state at the beginning but it is ultimately replaced by the trans iso-
mers [177]. The photosurfactant material at CMC requires about 35 h to reach at
its equilibrium surface tension value at room temperature [177]. For this reason, the
surfactant concentrations used in the present study were well above CMC value of the
trans form of the surfactant.

5.3.2 Photoswitching behavior of C;AzoOGE, surfactant

As explained in the previous section, the surfactant material is photosensitive be-
cause of the presence of a photochromic azobenzene molecule in the surfactant system.
To characterize the photoswitching behavior of the surfactant material, UV - Visible
absorption spectra measurements were performed at different illumination conditions.
Absorption spectra of 10 M C,AzoOGE, solution was recorded using SPECOL 2000
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(Analytic Jena, Germany) spectrophotometer. The device consists of one sample arm
and one reference arm. Both theC,Az00GE, solution (sample arm) and water (ref-
erence arm) were taken in clean quartz cubets. The length and breadth of the cubet
was 1 cm. The light source used for UV illumination was a Hamamastu UV lamp (at
130 mW=cn¥) and a He-Cd laser was used for blue illumination (at 70 mW=cn?).
Initially, the absorption spectra of the sample was measured without any illumination
(dark state) which is shown in ®g. 5.10 (black symbols).

0.12- I e IUnt=,->'(pt:'se'd solution
UV exposed
Blue exposed .

| 2
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T—T transition

n—m"transition
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o o o o o
o o [=] Q e
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300 325 350 375 400 425 450 475 500 525 550
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Fig. 5.10: Absorbtion spectra of 10 M photosurfactant solution in water under differ-
ent illumination conditions.

The absorption spectra exhibit two distinct absorption peaks, a strong absorption peak
centered at 325 nm and a relatively small absorption peak centered at 440 nm. First
peak corresponds to the absorption of thetrans molecules ( ! transition) and
the second peak corresponds to the absorption of thecis molecules (n'! transi-
tion) [181]. To analyze the photoswitching behavior of the photosurfactant solution,
the following experiments were performed. The sample was illuminated with UV light
for ®ve minutes, and the corresponding spectrum was recorded using the spectropho-
tometer (red symbols in ®g. 5.10). It was observed that the absorption peak at 325
nm decreased while the absorption peak at 440 nm increased. This shows thé&ans-cis
conversion under UV illumination. The percentage of trans molecules in the sample
after photoconversion can be calculated using the expression [188],

Ab
%trans = Mxmo (5.20)

bs:lark,325nm
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where AbS)y325nm and AbSi,rk 305nm are the absorbance of the sample at 325 nm
after UV irradiation and at dark state respectively. Here, % trans yeilds a value of
about 30 % to that of the dark state. Further increase in the irradiation time does
not change the absorbance value corresponding to the saturatedrans/ cisratio in the
solution in agreement with the reported work for azobenzene incorporated photosur-
factants [188]. The method to determine the isomerization time scale is explained
in chapter 6. To analyze the cistrans conversion of the photosurfactant, UV exposed
sample was illuminated with 442 nm emission of He-Cd laser and the correspond-
ing absorption spectrum was recorded. At this stage, the absorption at UV increased
while absorption at blue region decreased (blue symbols). From the ®g. 5.10, it is
clear that the photoisomerization was almost completely reversible. Repeatability of
photoisomerization was con®rmed by recording the spectra for alternate UV and blue
irradiation for 10 cycles, which is shown in ®g. 5.11.
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4 After blue irradiation -
0.104
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Fig. 5.11: Reversibility of photoisomerization of the 10 M photosurfactant solution.
The sample was alternately illuminated with UV and blue light. Absorbance
measured at 325 nm after each illumination is shown here.

5.3.3 Photoisomerization kinetics of C;AzoOGE, surfactant

The photoisomerization kinetics of the surfactants containing azobenzene is re-
ported in ref. [125, 181, 189]. First order kinetics of photoisomerization is analyzed
on the assumption that the absorption of UV photons by thetrans molecules results
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in conversion to the cis molecules. Thermal isomerization of the cisisomers back to
the trans isomers is neglected. The rate of change oftrans molecules due to light
absorption is given by [125, 181]:

d! trans
dt = atrans! trans + bcis! cis (5-21)
and for cisisomers:
d! cis
dt = atrans! trans ! bcis! cis (5-22)

where ay, 4,5 @and b are the kinetic constants of the photoisomerization for trans-cis
and cistrans respectively. &, s IS de®ned as:

a~trans = transIO trans — hI\IAC (5-23)

Similarly, bg;sis expressed as:
bcis= cisIO cis = hNAC (5-24)

where a0 and ;s are the molar extinction coef®cient for the trans and the cis
molecules respectively, |, is the incident intensity, h is the Planck constant,cis the ve-
locity of lightand  {,4,s and ;s are the quantaum ef®ciency fortrans-cisand cistrans
conversion respectively. On introducing a non-dimensional concentration! ;,,,s(t), de-
®ned as,

! trans(t) = trans=! torans (5-25)

where ! 0 is the initial concentration of the trans molecules. At the initial condition

trans
where the trans rich surface is irradiated with 325 nm beam, the in uence of the term
b.id cis iN €g. 5.21 can be neglected. To get the relation between photoconversion
time scale and the incident intensity, solving the equation for trans-cisphotoconversion

under the initial condition, at t=0, !,,,s(t)=1, we get for small time scale,

!trans(t) = eXF(' atranst) (526)
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The above equation shows that the time scale of photoisomerization is inversely pro-
portional to the incident intensity, the molar extinction coef®cient and the photocon-
version ef®ciency. Since the molar extinction coef®cient and the photoconversion ef®-
ciency are constant for a material, the isomerization mechanism rate can be controlled
by varying the incident intensity.

To understand the dynamic response of the interface, one has to account for the
adsorption-desorption ux in addition to the photoconversion process. This approach
is limited to the case where the surfactant concentration is below the CMC. The adsorp-
tion ux is proportional to the available area at the interface and the desorption ux is
proportional to the surface excess concentration of the surfactant molecule [125]. For
a system containing both the trans and the cisisomers, the rate of surface excess due
to adsorption-desorption mechanism can be expressed as [125],

|
d! trans Kirans

dt = Kads Csub(l! ! trans! trans! ! cis! cis)! kg:lsns! trans!trans (5-27)

and
A eis _ KCis 11 1 ! Lro 1)1 KEisE 5.28
dt - adsCSUb( * * trans* trans* * cis* cis)- deg cis' cis ( : )

where k2" and k&' are the adsorption and desorption constants for the trans
molecule, kgidss and kgijs are the adsorption and desorption constants for the cis
molecule, ! |4, @and ! ;s are the surface area per molecule of the surfactant and
Cyup is the surfactant concentration in the subphase. Combining the uxes due to

absorption-desorption and photoconversion, we get,

I
d-(;rtans = k;rdasnscsub(l! ' trans! trans! ! cis! cis)! kérssns! trans! trans! @trans! transt bcis! cis
(5.29)
This change in surface excess concentration results in a hydrodynamic ow from higher
surface tension region to lower surface tension region. There are two works which uti-
lizes photosurfactant adsorbed to the interface for generating light-induced Marangoni
“ow [10, 125]. Diguet et al. utilized this mechanism for controlling the motion of
an oil droplet oating over photosurfactant solution [10]. E. Chevallier et al. re-
ported the accumulation of talcum powder sprinkled over photosurfactant solution
using light [125]. They observed inward “ow for both the UV and blue illumination.
Their kinetic model predicts that fast desorption of the cis surfactant from the inter-
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face increases the surface tension in the illuminated area, irrespective to the irradiation
wavelength.
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6 Light-induced Marangoni tweezers -
Experimental techniques and ow
pro®le diagnostics

6.1 Introduction

Photoswitchable molecules that undergo reversible structural change upon light
irradiation have numerous applications, ranging from life science [180] to interfacial
“uid mechanics [9, 10]. A few to mention are the creation of a reversible wettability
gradient over a solid surface [9] or an interfacial tension gradient at a liquid-liquid in-
terface [10] to transport millimeter-sized droplets. The present work demonstrates the
trapping and manipulation of microparticles using light-induced surface tension gradi-
ent. Commonly employed particle manipulations techniques are optical trapping [2],
dielectrophoresis [3], optoelectronic tweezers [5] or plasmonic tweezers [190]. All
these schemes rely on the so-called gradient force that scales as the third power of the
particle diameter in the Rayleigh regime [2]. For this reason the trapping force rapidly
diminishes with decreasing particle diameter. This chapter presents an optical method
for the trapping and manipulation of micron-sized particles adsorbed at a gas-liquid
interface based on optically-induced Marangoni ow.

This chapter has two sections. The ®rst section describes the principle of particle trap-
ping based on optically-induced Marangoni ow. The second section deals with the
experimental design and the analysis techniques used for velocity pro®le diagnostics
at the air-water interface. Dependence of experimental parameters such as laser ex-
posure time, laser intensity, particle size and surfactant concentration is studied. As
a potential application of this method, it is demonstrated that the inward Marangoni
“ow can be utilized to trap and manipulate adsorbed micro-spheres at the air-water
interface at much lower intensity than conventional optical tweezers.
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6.2 Principle of optically-induced Marangoni ow

The principle of optically-induced Marangoni ow is demonstrated in ®g. 6.1.

Air

Laser beam .
the cis state

the trans state

Trapped particle

Fig. 6.1: Principle of optically-induced Marangoni ow. A laser beam of either 325 nm
or 442 nm wavelength is focused onto a liquid surface covered with photore-
sponsive surfactants. The local change in surface tension creates an inward
or outward “ow that may be utilized to trap and manipulate particles.

The method relies on the photoswitching of photosurfactant molecules adsorbed to
the air-water interface. The surfactant exists in two isomeric states, atrans state and
a cisstate. When adsorbed at the interface, thecisrich surface exhibits higher surface
tension that of the trans rich state. Light of 325 nm wavelength induces the photoiso-
merization from trans to cisstate, light of 442 nm the reverse. One can locally change
the surface tension at the liquid surface using light that generates a hydrodynamic
“ow from the lower surface tension region to the higher surface tension region. Upon
focused illumination with the 325 nm wavelength, population of the cismolecules in-
crease at the focal region, which results in a localized increase in the surface tension.
The inward ow generated by the gradient in surface tension along the interface is
utilized to trap and manipulate the microparticles adsorbed at the air-water interface.
Particles are dragged towards the focal spot and get trapped at the focal spot. Fig. 6.2
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shows the artistic representation of the trapping mechanism.

Trapped particle /Fk?g;;ed light

Photoswitchable
surfactant

Fig. 6.2: Artistic representation of particle trapping using optically-induced Marangoni
OW.

Furthermore, the direction of the ow can be reversed by switching the wavelength
to 442 nm (after irradiating with 325 nm). At 442 nm irradiation, the  cis molecule
switches back to thetrans molecule, resulting in a relatively lower surface tension at
the focal point. Another important advantage of this technique is the trapped parti-
cle can be manipulated along the interface. A potential landscape that extends over
some millimeter range can be created using a single light beam makes this technique a
suitable candidate for the massive manipulation of particles adsorbed at the uid- uid
interface.

6.3 Experimental setup

Fig. 6.3 shows the schematic of the experimental setup used for the trapping
and manipulation of microparticles adsorbed at the air-water interface using optically-
induced Marangoni ow. The experimental setup consists of a dual-wavelength He-Cd
laser (325 and 442 nm), beam steering optics, focusing lens, inverted microscope and
imaging optics.
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C-CCD camera M — Nikon Microscope

Fig. 6.3: Experimental setup comprising a dual wavelength (325 nm and 442 nm) He-
Cd laser and a microscope for imaging the ow at the liquid surface.

Laser source

The photosurfactant material used in the present study exhibits reversible photoi-
somerization property (for more details, refer sec: 5.3.1). The photosurfactant mate-
rial exhibits two absorption peaks centered at 325 nm and 440 nm wavelength. The
present work requires both UV and blue light to explore the photoswitching behavior
of the molecule. A He-Cd laser (Kimmon Koha, Japan) that emits both the 325 nm
and 442 nm wavelengths simultaneously was used for the experiments. Laser delivers
a maximum output power of 80 mW at 442 nm and 20 mW at 325 nm. For more
technical details of the He-Cd laser, reader is referred to sec: 3.7 of this thesis.

Dichroic mirror assembly

For selective tuning of the ow direction, it was necessary to switch the wavelength
between 325 nm and 442 nm. Laser output mode which emits both the wavelengths
simultaneously was chosen for the experiments. To select the desired wavelength, a
system of 4 dichroic mirrors as shown in ®g. 6.4 was used. Dichroic mirrors were
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Fig. 6.4: Dichroic mirror assembly.

chosen in such a way that, it re ects 325 nm beam and transmits 442 nm beam. At the
position of D1, both the beams incident the mirror at an angle of 45°. D1 re ects 325

nm beam and transmits 442 nm laser beam. Dichroic mirrors D2 and D3 were used to
guide the 325 nm laser beam to D4. At the position of D4, both the beams combine
together and propagate along the designed optical path. Beam shutters (Newport
Model SC10) were used to control the laser exposure time, and the tunable neutral
density ®lters were used to control the laser power.

Beam steering optics

The output beam from the dichroic assembly was expanded using a 1 : 9 Galilean
beam expander setup (as explained in sec: 3.7.2). Mirrors M1 and M2 in the ®g. 6.3
were manually adjustable mirrors that guides the laser beam to the cubic ®lter M3.
Cubic ®lter M3 re ects both the 325 nm and 442 nm laser beams and transmits all
other wavelengths. The white light source used for imaging also passes through this
cubic ®lter. Laser light was irradiated from the top and the imaging was performed
from the bottom as shown in ®g. 6.5.

Focusing lens

A plano-convex lens (L, Thorlabs, Germany) having a focal length of 10 cm was
used to focus the laser beam at the air-water interface. The planoconvex lens was
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Fig. 6.5: Photograph of the experimental setup used for trapping and manipulation of
particles using optically-induced Marangoni ow

incorporated into the microscope as shown in ®g. 6.5. The diffraction limited spot size
of a Gaussian beam at the laser focus can be calculated using the expression [191]:

ﬁens

dspot = 2.44 (6.1)

dbeam

where is the wavelength of the laser beam,d, .., is the diameter of the laser beam
and fjosis the focal length of the plano-convex lens used. The diameter of the incident
beam was 10 mm. Calculation yields a focal spot size of about 8 m at 325 nm and
11 m at 442 nm wavelength.

Imaging optics

A Nikon Eclipse TE 2000 microscope equipped with a UV-VIS CCD camera (ANDOR
iXon, model DU-897D-CSO-UVB) was employed for monitoring the dynamics at the
air-water interface. Objectives used for the present work were Nikon 4X (NA 0.2) and
20X (NA 0.45). Microscope was equipped with a white light source for bright light
illumination.

Materials

A 1 mm layer of the photosurfactant solution was ®lled into a clean glass petri-
dish with a diameter of 5 cm. The height of the surfactant ® m was measured us-

92 6 Light-induced Marangoni tweezers - Experimental techniques and “ow pro®Ile diagnostics



ing the microscope by monitoring the glass-water and the water-air interface. If not
mentioned otherwise, at the beginning of an experiment (t = 0), the solution was
in its +dark+ state, where +dark+ refers to the equilibrium attained after a prolonged
absence of light. Samples in the dark state are almost exclusively (> 99%) in trans
form [181]. A freshly prepared photosurfactant solution exhibits a surface tension of
about 70 mN=m which decreases to about 30mN=m at its saturated state [177,181].
The photosurfactant material requires approximately 10* s to reach at its saturated
surface tension value at the concentrations used in this work [177]. So the solution
was kept at dark for 3 h before starting the experiments.

Polystyrene microparticles (15 m diameter) purchased from Micromod, Germany was
used for both the ow diagnostics and trapping experiments. These particles were sur-
factant free, and charge stabilized. Very low concentration of the particle dispersion
was dried. The dried particles were then carefully sprinkled over the surfactant solu-
tion. Density of the polystyrene particle (1.05 g=m?) was very close to that of water
(about 1 g=m?®) at room temperature. So the gravitational force acting on the particle
was negligible compared to the surface forces making them to adsorb at the air-water
interface. To characterize the velocity ®eld at the air-water interface, particle streak
velocimetry was performed.

6.4 Particle streak velocimetry

Commonly employed particle-based ow visualization methods are Laser Doppler
Velocimetry (LDV) [192], Particle Streak Velocimetry (PSV) [193, 194] and Particle
Image Velocimetry (PIV) [195,196]. Both the LDV and PIV require an additional laser
beam for realizing the ow diagnostics. General requirement for the selection of parti-
cles used for ow visualization is that the particles are neither corrosive nor toxic, and
the image contrast between the particle and the background is high.

The present work adopts particle streak velocimetry for ow pro®le diagnostics. This
method is relatively simple and can be performed without an additional laser beam
for the excitation of the probe particle. In PSV, patrticles are illuminated with a con-

tinuous light source and the particle trajectory is recorded for a ®nite exposure time.
The recorded image appears as a streak line with a length proportional to the velocity
magnitude. Presence of streaks connecting the initial and end points of the particle
trajectory makes the velocity estimation easier. Earlier studies report that the velocity
data obtained by PSV is around 10% less accurate than that obtained from PIV [197].
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Another disadvantage is that, the direction of ow cannot be revealed from the streak
images. For the study of converging or diverging ow as in the present case, PSV is
a suitable tool for getting the basic nature of the velocity ®eld. Experimental proce-
dure followed to record streak image is explained as follows. The air-water interface
is illuminated with a white light source equipped with the microscope. Illumination
intensity is controlled in such a way that the exposure time for recording the streak
image does not result in the saturation of the CCD pixels. Andor CCD camera is used
here, and the camera operation is controlled by Andor software, in its accumulation
mode. In accumulation mode, camera capturesN frames, each having exposure time
of t s, then merge all these frames together to form a single image having exposure
time of N.t s. To extract the velocity data from the streak images, Nikon NIS elements
image analysis software is used. Initially, pixel calibration is performed as explained
in sec: 3.7.4. Then, a line is drawn over the streak connecting the initial and the end
point, and the length of the streak is measured. Value of the particle diameter is sub-
tracted from this length, which gives the displacement of the particle. Average velocity
of the particle is computed by taking the ratio of the streak length to the corresponding
exposure time. !

6.5 Results and discussion

The following sections deal with the results and discussion. Dependence on ex-
perimental parameters such as laser exposure time, incident intensity and surfactant
concentration are discussed.

6.5.1 Inward ow characterization

[llumination with 325 nm beam induces an inward ow directed towards the fo-
cal point. To characterize the inward ow pro®le, the following experiment was per-
formed. A 50 M photosurfactant solution was prepared, and polystyrene particles
were sprinkled over the surfactant solution. Then 325 nm beam (5 mW power) was
focused at the air-water interface, and the irradiation continued for 0.5 s, simultane-
ously the images were recorded using Andor camera. Typical examples of the particle
streak images recorded at 325 nm illumination corresponding to an exposure starting

1 A part of the results discussed in this chapter is published in Angew. Chem. Intl. ed. (DOI:

10.1002/anie.201302111). This author, Prof. Steffen Hardt, Dr. S.D. George and Dr. Tobias Baier
were involved in the interpretation of the results. Prof. Markus Biesalski and Mrs. Martina Ewald
are greatly acknowledged for the surfactant synthesis and the characterization.
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att = 0 and lasting for 0.5 s is shown in ®g: 6.6. To evaluate the radial ow pro®le, the

Fig. 6.6: Particle streak velocimetry image recorded using a 4X objective. Inset shows
the image recorded using a 20X objective.

plane around the laser spot was subdivided into radial segments of 20 m extension,
corresponding to the resolution of the velocimetry. The velocity in a speci®c radial bin
was determined by evaluating the average over 5 particles. The standard deviation,
plotted as error bars, was determined based on these 5 measurements. Particle veloc-
ity as a function of the distance of the particle from the laser spot was determined and
®g. 6.7 displays the corresponding inward ow pro®le.

One of the most striking features of the inward ow pro®le is the maximum velocity
occurring at around 300 m away from the focal point. Certainly, owing to the ®-
nite exposure time and particle size in the particle streak velocimetry measurements,
the spatial resolution was limited, but this cannot explain why the velocity maximum
occurs at a radial distance much bigger than the beam waist. The ow at the liquid
surface has a dilatational character withr .u 6 0, where u is the velocity at the sur-
face. The radial in ow compresses the surfactant monolayer, and, after some time,
leads to the formation of aggregates that are presumably multilayer arrangements of
surfactant molecules. The formation of multilayer structures is a process occurring
when a Langmuir monolayer is compressed beyond its stability limit [198,199]. In

6.5 Results and discussion 95



600 - T " T T T T T

500 }
400 + Eﬁﬂm ﬁf-ﬁ;*
3004 ; o 'E*!E M

* T,

2004 &

Velocity [um/s]

100 -

0
0 100 200 300 400 500 600 700 800 900 1000

Distance from the laser spot [um]

Fig. 6.7: Flow pro®le obtained after 0.5 s exposure with 325 nm light at a laser power
of 5 mW.

general, the dilatational ow produces a radial surfactant concentration gradient and
a surfactant-crowded region close to the focal spot. The crowding is expected to give
rise to a region of high (shear and dilatational) surface viscosity, while the surfactant
concentration gradient is expected to produce Marangoni stresses [82,200]. It is con-
jectured that due to the former, an almost immobile liquid surface is formed around
the laser focus, which results in a maximum of the velocity occurring at a compara-
tively large radial distance away from the focal spot. When the illumination at 325
nm continues, the ow velocity decreases, bringing the in ow to a halt after about
10 s. Though the exact physical mechanism behind this observation is not clear, it is
hypothesized the surfactant crowding stops further in ow of trans molecules towards
the focal point. Fig. 6.8 shows the formation of aggregates around the laser focus. In
this case, the surfactant solution was free from tracer particles. It can be seen that,
as 325 nm illumination progress, surfactant crowded area increase. This observation
explains the behavior of the velocity pro®le.
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Aggregates

Fig. 6.8: CCD images showing the presence of aggregates around the laser spot. A)-C).
Sequence of images recorded upon UV illumination at 0, 1 and 2 s expo-
sure respectively. D). Image shows the disintegration of aggregates upon blue
irradiation.

6.5.2 Outward ow characterization

The ow direction at the interface can be reversed by switching the wavelength to
442 nm. To study this mechanism, 442 nm light was switched on after 2 s illumination
with 325 nm light. It was observed that the direction of the ow reversed, i.e., directs
away from the laser spot. The laser power was set at 30 mW to get a signi®cant
outward ow. A typical example of particle streak image recorded for outward ow
recorded using 20X objective lens is shown in ®g. 6.9 (Left). Fig 6.9 (Right) shows
the corresponding outward ow velocity pro®le. It should be noted that, for outward
“ow, the maximum “ow velocity was substantially less than that observed for inward
“ow. Possible reasons for this observation are, thecistrans isomerization mechanism is
slower than the trans-cisisomerization and the photoconversion ef®ciency is less in the
case ofcistrans conversion compared totrans-cis conversion [181]. Photoconversion
ef®ciency oftrans-cis photoisomerization is close to 1 while cistrans conversion, this
value is about 0.69 only. Moreover, the chromatic aberration of the lens used leads to
larger spot size at the interface for 442 nm, which results in a reduction in the incident
intensity.
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Fig. 6.9: Outward ow characterization: (Left) Particle streak image showing the out-

ward ow pro®le while irradiated with blue light at 30 mW (Right) Flow
pro®le at 30 mW.

6.5.3 Dependence of laser exposure time on ow pro®le

To analyze the effect of laser exposure time on the inward ow, the following
experiment was performed. A 1 mm layer of 50 M solution was irradiated using 325
nm beam at an incident power of 5 mW for two different exposure times: 0.25 s and
0.5 s. The resulting ow pro®Ile is shown in ®g. 6.10.
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Fig. 6.10: Flow pro®les at the surface of a 50 M solution after different exposure
times at a laser power of 5 mW.

It can be seen that fort = 0.25 s, the velocity maximum occurs at a smaller value of
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the radial coordinate. This can be explained by the fact that at this point in time, the
surfactant aggregate is less extended than at = 0.5 s, yielding a smaller region with
a high surface viscosity.

6.5.4 Dependence of incident intensity on ow pro®le

Increase in incident intensity enhances the photoisomerization mechanism. Pho-
toisomerization kinetics of photosurfactants incorporated with azobenzene molecule
predict an inverse relation with the photoisomerization time scale and intensity [181].
As a result, one expects increased ow velocity at higher intensity than that of the
lower intensity. To study the dependence of laser intensity on the velocity pro®le, the
following experiments were performed. Table 6.1 gives the values of the incident laser
power and corresponding intensity at the focal spot for 325 nm beam while focused
using a 10 cm lens. Fig. 6.11 displays the velocity pro®le for 50 M and 25 M solu-
tions at different incident intensities.

Laser power (mW) | Intensity at the focal spot (W/ m?)

0.25 0.49 x 108
0.5 0.98 x 108
2.5 4.9x 108

5 9.8 x 108

Table 6.1: Intensity at the focal spot for 325 nm wavelength

A maximum ow velocity of about 500 m=s was achieved with 5 mW laser power.
The shift of the velocity maximum can again be explained by the increasing size of the
surfactant aggregate, corresponding to a growing region of low surface mobility. The
increase in velocity can be explained in terms of photoisomerization time scales. The
time scale of the photoisomerization kinetics is inversely proportional to the light in-
tensity [181]. Therefore, a few instants after the illumination has started, one expects
a higher fraction of cisisomers in the focal region if the light intensity is increased. Cer-
tainly, the photoisomerization time scale will only play a role if it is not much smaller
than the time span over which the ow is observed, which is 500 ms in ®g. 6.11.
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Fig. 6.11: Dependence of incident intensity on velocity pro®le: (Top) Flow pro®les at
the surface of a 50 M solution after an exposure time of 0.5 s at different
values of the laser power. (Bottom) Flow pro®les at the surface of a 25 M
solution.

6.5.5 Time constant determination from the transmittance measurements

Photoisomerization time constant for trans-cisisomerization was determined from
transmittance measurement of the photosurfactant material. Fig. 6.12 shows the
schematic of the experimental setup used for the transmittance measurement. A
Hamamastu UV Lamp with a UV ®Ilter was used as the excitation source. Intensity
of the UV light was set at 2.97 x 102 W/ m?. A low power He-Cd laser (5 mW) was
used to measure the transmittance change of the photosurfactant solution at the 325
nm wavelength. The transmitted laser power was measured using a Newport laser
power meter (Model Number 1918-C). All the measurements were carried out only
after the laser was stabilized (20 minutes) so that the variation in power was less than
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Fig. 6.12: Experimental setup used for the transmittance measurements.

2 %. A50 M surfactant solution taken in a 1 cm x 1 cm cubet was placed on the
UV light path. The transmitted power of the 325 nm beam through the sample was
measured before irradiation with the UV source. Let B, be the incident power and Py
be the transmitted power at time t, then the transmittance of the for the surfactant
solution T for a particular wavelength  can be calculated using the simple relation,

T-PT 6.2
" P (6.2)

Transmitted power through the sample was measured using the power meter and the
corresponding transmittance value was calculated using eq: 6.2. Fig: 6.13 shows the
transmittance at 325 nm wavelength as a function of irradiation time for 50 M sur-
factant solution at an intensity of 2.97 x 10% W/ m?. Transmittance curve shows an
exponential increase with respect to the irradiation time. Illlumination with the UV
light switches the molecules from trans state to cis state, results in a reduction in pop-
ulation of the trans molecule. Correspondingly, the absorption at 325 nm decreases
that explain the observed exponential variation in the early stages of the temporal
response of the transmittance. On prolonged irradiation, the solution reaches in a
photostationary state where no more transmittance change was observed [188]. This
corresponds to the saturatedcid trans ratio in the solution. The exponential nature of
the transmittance can be ®tted using the exponential function as [188],

T = Tinitiar ! Aexp(! t=) (6.3)
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where Ti,itial 1S the transmittance value before UV illumination and t is the irradiation
time. Exponential ®t for the experimentally determined transmittance measurement
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Fig. 6.13: Graph showing the transmittance measured at 325 nm plotted against the
irradiation time.

yields atrans-cistime constant of 695 49 s. Exponential ®tting was performed using
Origin 8 software (OriginLab Corporation, USA). The ®tting parameters are shown in
®g 6.13.

Assuming the inverse relation between the incident intensity and the isomerization
time constant [181], one can determine the time constant t; corresponding to an inci-
dent intensity |; using the relation,

ti = tol_ (64)

where t, is the photoisomerization time constant at an incident intensity |,. Fig. 6.14
shows the calculatedtrans-cis time constants corresponds to the intensities shown in
table. 6.1. A photoisomerization time constant of 41.6 ms was obtained for a light
intensity of 0.49 x 108 W/ m? (corresponding to a laser power of 0.25 mW at 325
nm wavelength), dropping to 2.08 ms when the laser power was increased to 5 mW.
These time scales are roughly of the order of the ow observation time scale, therefore
corroborating the hypothesis that the increase of ow velocity at higher values of the
laser power is due to the faster conversion fromtrans to cisisomers.
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Fig. 6.14: Trans-cis photoconversion time scale for 50 M solution at various incident
intensities.

6.5.6 Dependence of surfactant concentration on ow pro®le

The dependence of surfactant concentration was studied by performing the ow
pro®le measurements for different concentrations of the surfactant solution: 10 M,
25 M and 50 M. In each case, the ow velocity measurements were performed as
explained in sec: 6.4. Figure. 6.15 (Top) displays the dependence of the inward ow
®eld on the surfactant concentration at an incident laser power of 5 mW. Initially, the
sample contains almost exclusivelytrans isomers that are converted tocisisomers by
the UV irradiation. It is worth noting that the critical micelle concentration ( CMQ
is signi®cantly different for the trans (CMG,,s = 1.6 M) and the cisenriched
(CMGis = 23.8 M) state [181]. Above the CMGC the surfactant monolayer is
virtually incompressible. For concentrations betweenCM G, ,,s and CM G;;s photoiso-
merization by 325 nm light converts the virtually incompressible surfactant phase into
a compressible one. The latter could explain why a substantial augmentation of the
overall ow velocity was being observed when increasing the surfactant concentration
from10 M to25 M, butno furtherincrease was found (apart from local variations)
when elevating the concentration level to 50 M.
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Fig. 6.15: Dependence of surfactant concentration on ow pro®le: (Top) at 5 mW and
(Bottom) at 2.5 mW.

In general, it should be mentioned that the experiments presented here address
the dynamic surface tension behavior of the system under study which is governed by a
complex interplay of different processes, most importantly the adsorption/desorption
kinetics of surfactants and their diffusion to the surface [125]. However, presumably
with the exception of the squeezing out of cissurfactants from an overcrowded surface,
these processes become relevant on time scales much larger than those considered
here [172]. Fig. 6.15 (Bottom) shows the ow pro®le at a laser power of 2.5 mW.
Nature of the velocity pro®le is similar to that of shown in ®g. 6.15 (Top), but the
overall velocity was decreased. This reduction in velocity can be attributed in terms of
photoisomerization time scale.
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6.6 Particle manipulation using optically-induced Marangoni ow

In this section, two potential applications of optically-induced Marangoni ow is
demonstrated: particle trapping and particle manipulation.

To prove the trapping was not based on optical forces, the following experiment was
performed. The 325 nm laser beam focused at the air-water interface (without sur-
factant), then a single particle (15 m polystyrene particle) was moved towards the
laser spot using the a translational stage. The translational stage was moved with a
low velocity (10 m/s), and it was observed that the particle was not staying at the
laser focus, it followed the motion of the stage. It is reported that optical trapping is
not possible if NA < 0.8 [145]. NA of the lens used is calculated using the equation
NA= Npdpean=2flens Substituting the values of the parameters (N, = 1, dpeam=1
cm and f,.,s = 10 cm), yields a value of about 0.05. Clearly, this low NA lens is not
suf®cient to generate large optical gradient required for optical trapping.

To demonstrate the ability of the hydrodynamic trap to manipulate the position of the
trapped particle, the following experiment was performed. Irradiation with focused
325 nm beam induces inward ow directed toward the laser focus. Particles (15 m
in diameter) adsorbed at the interface get dragged towards the focus and gets stably
trapped at the focal region. Manipulation of the trapped particle can be achieved by
tilting the manually adjustable mirrors M1 or M2. In that way, position of the laser
focus can be moved over the liquid surface. It was observed that, the particle follows
the motion of the laser spot. Fig. 6.16 (Top) shows the particle trajectory as a series of
individual frames with a temporal offset of 10 s (extracted from the recorded video).
From the trajectory the particle velocity as a function of distance along its path was
computed using Nikon NIS elements software, as shown in ®g. 6.16 (Bottom).
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Fig. 6.16: Particle manipulation using optically-induced Marangoni ow: (Top) Se-
guence of images showing the particle trajectory after different time spans.
The motion was induced by tilting the mirror guiding the laser beam. (Bot-
tom) Particle velocity as a function of the distance traveled.

In that case a maximum particle velocity of about 15 m=swas obtained. When
the mirror was tilted faster and the laser spot moves at about 20 m=s, the particle
was no longer able to follow its motion. This can be explained on the fact that the
velocity at which particle experience near the focal spot is reduced due to the surfactant
crowding around the focal spot makes the particle motion slower. Computing the
Stokes drag force acting on the particle using the expressionfy,, = 6 R, where
Ris the particle radius and is the velocity of the particle (here, itis 15 m=s) yields
a value of 2.11 pN. Comparing with the optical tweezers, one can see that optical
tweezers require about 10° times higher intensity than that of used here to achieve
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pN forces. Additionally, optical tweezers require tightly focused laser beam to achieve
stable trapping. In the present case, a moderately focused beam with very low NA was
used for the experiments.

6.7 Summary

This chapter describes the principle and the preliminary results of a novel particle
trapping mechanism. In conclusion, it is shown that photoresponsive surfactants al-
low creating dilatational ows at a liquid surface whose direction can be reversed by
switching the laser wavelength. The ow patterns can be utilized to trap small parti-
cles at lower light intensities than with conventional optical tweezers. The favorable
force scaling with the particle diameter makes this a promising principle for the manip-
ulation of nanoscale objects. Up to now macro-molecules are being handled indirectly
in a focused laser beam by attaching them to micrometer-sized particles. Sparing the
need to link the molecules to such large objects could greatly enhance the “exibility of
optical manipulation techniques.
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7 Light-induced wettabllity studies of
PNIPAM thin ®Ims

7.1 Introduction

Digital micro uidics refers to the manipulation of discrete droplets. Open surface
digital micro uidics is an emerging ®eld with potential applications in medicine and bi-
ological analysis. Droplet manipulation along the free surface has been achieved using
several methods such as electrowetting [13], thermocapillarity [14], dielectrophore-
sis [3], magnetic force [15] and thermo-chemical effect [16]. Over such methods,
light as stimuli have several advantages like non-contact, non-destructive and parallel
manipulation. Additionally, they allow programmed optical pattern over the surfaces.
Methods like opto-electrowetting [89], opto-thermocapillarity [102] and photochemi-
cal effect [9,10] have proposed for driving the droplet over the surface. These methods
require either complex pattern of electrodes, strongly absorbing medium or a speci®c
chemical protocol to achieve the droplet manipulation. Motivation of this work is to
realize droplet manipulation on a thermo-sensitive polymer coated on a UV absorbing
substrate.

This chapter describes the studies on light-induced wettability studies using polymer

®Ims. The ®rst part discusses the basic theory behind the wettability and droplet move-
ment. The second part provides the properties of the polymer material, experimental

techniques and the results.
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7.2 Contact angle and Surface wettability

The contact angle gives the ability of a liquid to spread when it is placed on a
surface. It is also called as the wetting angle. Young equation gives the equilibrium
contact angle ( y) based on three parameters: the solid - liquid interfacial tension
( sy, the solid - vapor interfacial tension ( gy) and the liquid - vapor interfacial
tension ( y). Young equation is represented as [161]:

LvCO0S vy = syl gL (7.1)

Fig. 7.1 schematically illustrates this physical scenario.

Gas

LIC|UId O

Fig. 7.1: Liquid-solid-gas contact angle.

A surface can be classi®ed on the basis of its wettability: the hydrophilic surface and
the hydrophobic surface. As the name suggest, water wets the hydrophilic surface
more than that of hydrophobic surface. A surface is called as hydrophobic, when the
equilibrium contact angle is higher than 90°. If the contact angle is less than 9¢, the
surface is referred to as hydrophilic. Fig. 7.2 illustrates the classi®cation of the surfaces
based on the equilibrium contact angle.

Young equation is based on the assumptions that the solid surface is smooth and chem-
ically inert. As a result, one expects a unique contact angle for a system, but in practice,
a range of contact angles is usually obtained. The upper limit of the contact angle is
called the advancing contact angle ( »), and the lower limit is the receding contact
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Fig. 7.2: Classi®cation of surfaces based on wetting angle: (Left) the hydrophobic sur-
face and (Right) the hydrophilic surface.

angle ( g). The difference of the advancing and the receding contact angles gives the
contact angle hysteresis:

h= al R (7.2)

Studies attributed the origin of the hysteresis contact angle as surface heterogeneity;,
surface roughness or surface swelling [161, 201].

7.3 Poly(N-isopropylacrylamide) (PNIPAM) polymer

Environmental sensitive smart materials have enormous applications in the ®eld
of chemical separations, drug delivery, sensors, catalysis and fabrication of lab-on-a-
chip devices [202+206]. Such materials exhibit chemical or physical transitions upon
the action of stimuli. The external stimuli can be light, pH, temperature, electric ®eld
and magnetic ®eld. They are very good candidates for making tunable micro uidic
devices. Among such materials, Poly(N-isopropylacrylamide) (PNIPAM) is a widely
used material [207, 208]. PNIPAM exhibits a Lower Critical Solution Temperature
(LCST) in water. PNIPAM undergoes a reversible phase change at room temperature,
around 32 °C. In its solution state, PNIPAM changes its optical transparency according
the temperature. In its solid form, i.e., thin ®ms or gels, PNIPAM undergoes changes
in its surface properties such as wettability and surface roughness. Below LCST, the
PNIPAM layer is hydrophilic due to the intermolecular hydrogen bond formed between
PNIPAM chains and water molecule. Above LCST, the layer is hydrophobic because of
the intramolecular hydrogen bond formation between C=0 and N-H groups of the
PNIPAM chains [209, 210]. The material is in swollen state (hydrophilic) below LCST
and in deswollen state (hydrophobic) above LCST. Thus, contact angle of a water
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drop placed on such a surface depends on the temperature of the surface as shown in
®g. 7.3.

Fig. 7.3: Schematic representation of the wettability of the PNIPAM ®Im: (Left) below
the LCST and (Right) above the LCST.

7.4 Principle of light-induced motion of a liquid drop over the PNIPAM surface

Principle of light-induced wettability change relies on the phase transition of tem-
perature sensitive (PNIPAM) material grafted on a UV absorbing glass substrate. The
temperature rise of the glass substrate is governed by the equation

T = B, apst=mGC,, where ,usis the absorbance of the sample andC, speci®c heat
capacity of the material. This formula gives the upper limit of the temperature rise
where the heat loss to the surrounding medium is not considered. In the practical
cases, the temperature rise will be smaller than the theoratically estimated value. The
absorption of UV photons by the glass substrate rises the temperature above the LCST
of the PNIPAM layer. At this state, water drop placed on PNIPAM ®Im exhibits higher
contact angle. Upon locally cooling one side of the droplet creates a wettability gra-
dient over the surface. A liquid drop can move over a surface if it is subjected to a
wettability gradient. Here, the contact angle at each side of the drop differs from its
equilibrium value as shown in ®g. 7.4.

This leads to an imbalance in the horizontal capillary force that results in a pulling
force given by [90]:

F.= Ly v(cos,! cos,) (7.3)

where , and , represents the contact angle of the either side of the drop as shown
in ®g. 7.4. L4 represents the length between the front and rear ends of the drop.
This capillary force is responsible for the spreading or retraction of the droplet on the
substrate.
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S — Motorized syringe system
C — Camera
F — Film

Sh — Sample holder






Thickness (nm) at35°C at20°C

36 78 2° 53 2°
34 76 2° 55 4°
27 73 3° 58 4°

Table 7.1: Table showing the water contact angle for ®ms having different thickness.





















8 Conclusion and future direction

The precise control over the movement and arrangement of small particles and lig-
uid drops have enormous applications. To mention a few are study of single molecules
in biology, transport of hazardous chemicals, mass transport along the interface and
fabrication of tunable optical elements. Though several methods are available to
achieve this goal, precise control and manipulation is a challenging work, especially
as the size of the objects downs to nanometer regime. Among such methods, optical
methods have unique advantages such as non-contact and single particle manipula-
tion capability. Such optical methods also faces some fundamental limitations such
as unfavorable force scale and high intensity requirement. To overcome such limita-
tions, combination of optics with other prominent manipulation methods have been
proposed. This Ph.D. thesis focuses on combining the properties of light and micro u-
idics, called Opto uidics to achieve particle and droplet manipulation. Opto uidics
offers remote control and tunability. Additionally, the hydrodynamic nature of the
force which scales to the diameter of the particle can be an advantage while handling
small objects. The ®rst part of the thesis describes the studies on light-induced particle
manipulation techniques, and the second part discusses the studies on light-induced
wettability manipulation.

Light-induced particle manipulation

Studies on light-induced particle manipulation are performed using two methods:
Optical tweezers and Marangoni tweezers. This section summarizes the main outcome
of the study with the future direction.

Optical trapping in micro uidic channel

This work focuses on size dependent study of microparticles trapped inside a mi-
crochannel. In uence of ow pro®le on the trapped particle is analyzed by comparing
the escape force and maximum lateral displacement by performing the experiments
at two ow conditions: with parabolic pro®le (inside the micro uidic channel) and
uniform velocity pro®le (inside the sample chamber). Additionally, the in uence of
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trapping at lower wavelength is studied. Main outcome of the study are,

1. Saffman lift force enhances the trapping performance for particles with intermedi-
ate size.

2. Maximum lateral displacement of 0.81 R is achieved for larger particles by imple-
menting 442 nm wavelength for optical trapping.

3. Experimentally measured trapping stiffness found to be in good agreement with the
theoretical model.

4. From these studies, it is concluded that, ow pro®le has to be taken in to ac-
count while trapping particles inside a micro uidic channel. In uence of Saffman
lift force can be vital while handling biological cells or deformable objects inside the
microchannel.

Light-induced particle manipulation using Marangoni tweezers

A novel technique for trapping and manipulation of particles adsorbed at the air-
water interface is demonstrated. The principle behind this trapping mechanism re-
lies on the surface tension variation due to the photoswitching of photosurfactant
molecules adsorbed at the air-water interface. The photoswitchable surfactant exhibits
two isomeric states: atrans state and acisstate. When adsorbed at the interface, acis
rich surface exhibits higher surface tension than atrans rich surface. Upon irradiation
with a 325 nm beam, molecules transforms from trans state to cis state resulting in
an increase in surface tension at the illuminated area. This surface tension gradient
generates a hydrodynamic ow direct towards the laser focus. This inward ow is used
to trap the particle at the laser spot. Particle streak velocimetry is used to characterize
the velocity pro®le at the air-water interface. Main outcome of this work is outlined
below:

1. A smart interface is constructed using photoswitchable surfactants.

2. Capability of the smart surface for the trapping and manipulation of microparticles
adsorbed at the air-water interface is demonstrated.

3. Detailed analysis on velocity pro®le shows that the maximum velocity occurs at
larger radial distance from the laser focus. This observation is attributed to the surfac-
tant crowding near the focal region due to the inward ow.

4. Particle trapping and manipulation are achieved at 10° times lesser intensity than
the optical tweezers.
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5. It is experimentally shown that, the direction of the ow can be reversed by switch-
ing the illumination wavelength from 325 nm to 442 nm. The following section pro-
vides a brief comparison between Marangoni tweezers and the conventional trapping
methods.

Advantages of particle trapping using optically-induced Marangoni ow

There are several advantages for optically-induced Marangoni trap over conven-
tional optical trapping methods. They are,

1. Trapping of nanoparticles using conventional optical tweezer is a challenging task
because the trapping force scales to the third power of the particle diameter, so the
trapping force rapidly diminishes with a decrease in particle diameter. In the case of
Marangoni trap, particles are trapped by hydrodynamic force instead of optical forces.
This implies a force scaling with the particle diameter instead of the third power of the
particle diameter, which opens up the perspective to manipulate nanoscale objects at
moderate light intensities.

2. Commonly employed optical manipulation techniques rely on gradient forces gen-
erated by high numerical aperture microscope objective lens at high laser intensity.
Manipulation using Optically-induced Marangoni tweezer is achieved with a moder-
ately focused laser beam.

3. All the optical manipulation techniques rely on the properties of the particle such as
their refractive index, polarizability and absorbance. Here, particles are trapped using
hydrodynamic forces, so optical properties of the particles are less important.

4. Furthermore, when distributing the light intensity over an optical landscape as
in the case of holographic optical tweezers, each of the individual traps of a tweezer
array only shares a fraction of the photon ux of the laser beam. Therefore, since a spe-
ci®c threshold intensity is required to manipulate small objects, there is only a limited
“exibility in creating different optical landscapes with a laser of given power. Here,
Marangoni tweezer creates a potential landscape which extends over some millimeters
with a single light beam.

Light-induced droplet manipulation

Research on light-induced wettability aims at fast movement of water drop placed
on a temperature sensitive polymer material (PNIPAM). PNIPAM material is coated on
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a UV absorbing glass substrate. PNIPAM undergoes phase transition from a hydrophilic
to a hydrophobic phase around a temperature of 26°C. The temperature of the sub-
strate is controlled by the UV irradiation. By implementing a localized cooling method,

a fast wettability change of about 25° is achieved in 2 s. Such a substrate is used for
the experiments performed for the droplet movement. This experiment is performed
by keeping the temperature of the substrate above the phase transition temperature of
the PNIPAM, then locally cooling one side of the drop, thus creating wettability change
over the surface. Though a fast spreading towards the colder region is achieved in 2
s, a large hysteresis contact angle prevents the droplet movement towards the colder
region.

Future direction

One of the work presented in this thesis demonstrates a novel method for the
manipulation of particles using optically-induced hydrodynamic ow. Conventional
particle manipulation techniques such as optical tweezers, dielectrophoresis and opto-
electronic tweezers rely on so-called gradient force which scales to the third power of
the particle diameter. As a result, nanoparticle manipulation is challenging with con-
ventional techniques. The hydrodynamic nature of the optically-induced Marangoni
tweezer scales linearly to the particle diameter, which can be more ef®cient while han-
dling nanoparticles. The current experimental setup and the ow pro®le diagnostic
methods has to be modi®ed to achieve this goal. The present work adopts a proof
of principle experimental setup and diagnostic method for analyzing the velocity pro-
®le. On incorporating, an aberration free (both spherical and chromatic) lens can
signi®cantly enhance the trapping performance of the Marangoni tweezers. Another
potential application of this method is parallel manipulation of particles over a wide
area. Here, a potential landscape ranging in millimeter order can be created with a
single light source. Incorporating diffractive optical elements with Marangoni tweezer
setup can open a new ®eld for the parallel manipulation. Additionally, Marangoni
tweezers works at low intensity (about 10° times) than conventional optical tweezers,
as result the handling of biological cells can be bene®ted by implementing Marangoni
tweezers.

The section on light-induced wettability change using PNIPAM polymer is showing fast
wettability change controlled by light. The large hysteresis contact angle prevents the
droplet movement. The hysteresis contact angle can be reduced by preparing the PNI-
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PAM layer on hydrophobic surfaces. Such a surface could prove to be effective for the
droplet manipulation over the surface.

127






Appendix A

Photodegradation of Polystyrene particles at 442 nm

A speci®c particle is immobilized in three dimensions using 442 nm emission from

the He-Cd laser. Such an image of the optically trapped particle with a size of 5 m
is shown in ®g. A.1 (Left). However, after a certain residence time in the optical trap,
the polystyrene particle exhibits luminescence as shown in ®g. A.1 (Right).!
In the case of an optically trapped polystyrene particle, one can expect photodegrada-
tion due to the spatial localization of photon ux and the increase in temperature of
the particle. Being a polymer with very low thermal conductivity 0.08W/mK [215],
the observed luminescence in the present study may be a combined effect of localized
temperature rise and photon induced damage in the polymer chain. The threshold
energy required to break the C-H bond without considering the radical stabilization
is 71 kcal/mol [216]. But the stabilization of the  C-H radical species by a nearby
double bond in the polystyrene backbone can signi®cantly lower the activation energy
for the production of the radical. The energy of the radiation employed in the present
study corresponds to 65 kcal/mol (counting one photon per molecule), which is close
to the isolated C-H bond-breaking energy. Hence there is a high possibility that a

C-H bond near a double-bond on the back bone chain of polystyrene can be broken
under irradiation at 442 nm. The high photon ux could provide the possibility that
this event can occur with the phenyl group directly with impurities such as peroxides
(oxygen incorporated into the polymer chain during the polymerization process), or
regions of conjugation in the polymer. Thus bond stabilization in combination with
high photon uxes provides a means of generating polystyrene radicals as shown in
®g. A.2.
The hydrogen radical formed in this way is free to move down in the polymer back-
bone to abstract a hydrogen atom from a second carbon atom. A lower energy state

1 Apart of this chapter is published in Journal of World Academy of Science, Engineering and Technol-
ogy. Citation detals: Subramanyan Namboodiri V, Sajan D George, Steffen Hardt, Photodegradation
of optically trapped polystyrene beads at 442 nm, World Academy of Science, Engineering and Tech-

nology 45 (2010)
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is shown in ®g. A.3.



form of SchwarzchildAs law t = K(!' )I' '1 . As explained earlier, an optically
trapped smaller particle experiences a high intensity. However since, t / 1= *%
this difference decreases quiet rapidly with increasing laser power. This explains why

both particles exhibit almost the same initiation time for the luminescence at 6 mW.
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Appendix B

Materials

Synthesis of the photosurfactant

Synthesis of the photosurfactant material was done by Mrs. Martina Ewald and
Prof. Dr. rer. nat. Markus Biesalski, Department of Chemistry, TU Darmstadt. The
synthesis was based on ref. [181].

Step 1.

4-Butyl-4%hydroxyl azobenzengvas prepared by dissolving 14.9 g of 4-butylaniline
in 64 mL of 5 M hydrochloric acid and reacting it with 15 mL of agueous sodium nitrite
(6.67 M) at 0°C for 1 h. The resulting diazonium solution was then coupled with
phenol in a slurry (9.4 g of phenol ? 26.5 g of sodium carbonate ? 50 mL of MilliQ
water) at 0°C for 1 h. The product was collected by ®ltration, dried in a vacuum oven
overnight. The yield was 91 %.

Step 2.

4-Butyl-4%(4-brom)butoxy azobenzenavas prepared by ®rst dissolving 10.08 g of
4-Butyl-4%hydroxyl azobenzenén 40 mL of THF and adding this solution drop wise
to a mixture of 21.6 g of 1,4-Bromobutane, 4.49 g of potassium hydroxide, and 200
mL of THF. After 19h re ux solvent was removed, followed by column chromatog-
raphy using eluent cyclohexane: ethylacetat = 7:3 to remove polar impurities, then
1,4-Dibromobutane excess was removed by vacuum destillation, recrystallization in
2-propanol. Yield 41%.

Step 3

diethyleneglycol mono(4',4-butyloxy,butyl-azobenzend€})AzoOGE,. To prepare
C,Az00GE,, 3.89 g of sodium hydride was ®rst reacted with 21.22 g of di(ethylene
glycol) in 80mL of THF under N, protection for 2 h. A solution of 3.61 g of 4-Butyl-4%
hydroxyl azobenzeng&ith 40 mL of THF was added dropwise into this reaction mixture,
and the resulting solution was re uxed for 64 h under N ,. The solvent was removed
from the reaction mixture by rotary evaporation, and vacuum distillation was used to
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remove residual di(ethylene glycol). The product was separated by chromatography
(60 ; silica, ethylacetat as the eluent). The yield was 51 %.

Synthesis of the PNIPAM ®Ims

Synthesis of the PNIPAM polymer was done by Mr. Helge Schenderlein and Prof.
Dr. rer. nat. Markus Biesalski, Department of Chemistry, TU Darmstadt.

P(NiPAM-Co-MABP) Polymer was synthesized by free radical copolymerization.
For this, N-isopropylacrylamide (NIPAM) and Methacryloxybenzophenone (MABP)
were dissolved in DMF. To this reaction mixture radical initiator Azoisobutyronitrile
(AIBN) was added and reaction heated to 65 °C which resulted the P(NIPAM-Co-
MABP) Polymer. Ratio between NIPAM and MABP units in polymer can be varied
by change in NIPAM and MABP ratio in feed. Variation in the MABP content varies the
crosslink-density of the networks formed.

Film deposition was performed by spin coating of polymer solutions in n-Butanol
(2s 300rpm@ 2s 500 rpm@ 20s 3000 rpm). Films were prepared on silicon wafers and
glass substrates equipped with a triethoxy-benzophenone-silane surface linker. In ®m
deposition, copolymer with photocurable benzophenone side groups were illuminated
with UV-light (= 365 nm@ dose = 16 J/Cnt), followed by soxlett extraction in ace-
tone, resulted a network of P(NiPAM-Co-MABP) polymer on the substrate. Thickness
of the ®Ims were measured using ®Ims coated on silicon wafers by nulling ellipsometry.
Thickness of the ®Ims were varied by changing the P(NiPAM-Co-MABP) content.
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