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This thesis presents optical trapping of various single nanoparticles, and the method for integrating the 

optical trap system into a microfluidic channel to examine the trapping stiffness and to study binding at the 

single molecule level.	

Optical trapping is the capability to immobilize, move, and manipulate small objects in a gentle way. 

Conventional trapping methods are able to trap dielectric particles with size greater than 100 nm. Optical 

trapping using nanostructures has overcome this limitation so that it has been of interest to trap 

nanoparticles for bio-analytical studies. In particular, aperture optical trapping allows for trapping at low 

powers, and easy detection of the trapping events by noting abrupt jumps in the transmission intensity of 

the trapping beam through the aperture. Improved trapping efficiency has been achieved by changing the 

aperture shape from a circle; for example, to a rectangle, double nanohole (DNH), or coaxial aperture. The 

DNH has the advantage of a well-defined trapping region between the two cusps where the nanoholes 

overlap, which typically allows only single particle trapping due to steric hindrance.  

Trapping of 21 nm encapsulated quantum dot has been achieved which shows optical trapping can be used 

in technologies that seek to place a quantum dot at a specific location in a plasmonic or nanophotonic 

structure. 

The DNH has been used to trap and unfold a single protein. The high signal-to-noise ratio of 33 in 

monitoring single protein trapping and unfolding shows a tremendous potential for using the double 

nanohole as a sensor for protein binding events at a single molecule level. The DNH integrated in a 

microfluidic chip with flow to show that stable trapping can be achieved under reasonable flow rates of a 

few µL/min. With such stable trapping under flow, it is possible to envision co-trapping of proteins to study 

their interactions. Co-trapping is achieved for the case where we flow in a protein (bovine serum albumin – 
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BSA) and co-trap its antibody (anti-BSA).  
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Chapter 1 
Introduction 

 
The general topic of this thesis is about optical trapping theory and its applications.  In 

this chapter first, conventional and aperture optical trapping, with previous related works, 

are introduced and summarized. Then, as an evolution to typical aperture based optical 

trapping systems, which work in still fluid environments, a microfluidic integrated optical 

trapping system is introduced. Then a brief explanation of the thesis organization is 

provided. 

1.1 Optical Trapping Concept and History 

The ability of optical trapping to immobilize and manipulate nanoparticles has opened 

up new possibilities for manipulation at the nanometer scale [1]. For example, this 

trapping can be used in the characterization and placement of colloidal quantum dots [2, 

3]. It is also of interest for the study of nano-scale biological interactions; for example, 

those involving protein-protein interactions [4], antigen–antibody binding [5,6], and the 

manipulation of individual virus particles [7].   

   Two challenges hinder the progress of this technique. First, the gradient force for 

trapping scales as the cube of a spherical particle’s radius, so smaller particles require 

much higher intensities to trap. This can lead to situations where the trapping intensity is 

larger than the damage threshold of the particle. For example, to trap smaller than 20 nm 

silica particles required greater than 1.5W of green laser power, and for 85 nm 

polystyrene particles, the damage was so quick at the required intensity that trapping 

could not be observed [8]. Second, reduction in the particle size decreases viscous drag,
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 so that the escape from the trap due to Brownian motion is faster, on average. In spite of 

these challenges, some biological nanoparticles have been trapped by conventional 

methods such as the tobacco mosaic virus and bacteria [9], but these are usually highly 

elongated, and therefore more polarizable than simple spheres of the same volume. 

Optical tweezers have also been used to trap dielectric nano-spheres [8, 10, 11], carbon 

nanotubes [12], semiconductor nanowires [13], DNA strains [14], and metal 

nanoparticles [15, 16]. 

One approach for trapping of small nanoparticles with conventional optical tweezers is 

tethering a micrometer-sized bead to them [17-20]. Tethering, however, introduces steric 

issues that hinder studying of processes such as protein-protein interaction and processes, 

which require binding to a surface [21]. 

To achieve a large trap stiffness and highly localized field intensities, many have used 

nanophotonic and plasmonic optical traps [14, 22-30]. These traps, however, are still 

perturbative in the sense that the traditional gradient force calculation can be used to 

quantify the trapping, and therefore, they require either large local intensities to trap 

small objects [31-33], or highly polarizable particles.  

Trapping with apertures in metal films has been used to overcome the problem of 

required high intensities. In 2009, trapping 50 nm polystyrene particles with 1 mW of 

power was demonstrated using an aperture in a metal film [34]. It was confirmed by 

comprehensive numerical calculations that this aperture trapping method does not follow 

the traditional third power scaling with particle size. The particle to be trapped strongly 
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modifies local electromagnetic environment and thereby facilitates the trapping – for this 

reason, the approach was referred to as self-induced back-action (SIBA) optical trapping.  

Shaped apertures can lead to further improved trapping performance of even smaller 

particles. For example, we have used a double-hole aperture to trap 12 nm dielectric 

particles [35]. Rectangular apertures have been used to trap particles as small as 22 nm 

[20], with a propensity for trapping of multiple particles simultaneously. Later, we used 

the double-hole aperture to trap and unfold single proteins [36], which is a promising step 

for studying the interactions of biological particles at the single particle level (e.g., 

protein binding).  

1.2  Microfluidic Integrated Optical Trapping 

Those past works, however, did not demonstrate the ability to trap against flow, which is 

essential for introducing additional nanoparticles. Trapping against flow is also essential 

to applications where we wish to move the trapped particle through a fluid, for example, 

if we wish to relocate a quantum dot trapped at the end of an aperture fiber [37, 38]. 

This thesis is mainly about how to integrate the microfluidic channel into the optical 

trapping setup in order to examine the trapping stiffness against flow, and to introduce a 

second particle in the vicinity of the trapping area in order to observe nanoparticle 

interactions. It also demonstrates the dynamics of trapped particles in a double nanohole 

optical trapping system and shows co-trapping of sub-50nm particles BSA and anti-BSA.  

It also suggests that the low roll-off frequency in the power spectrum is due to Kramers 

hopping between the two stable trapping points in the cusps, with supporting evidence 
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from simulation and analytical discussions.  Indeed, co-trapping of sub 50 nm particles 

opens a tremendous opportunity to study the interaction dynamics between biomolecule 

and bioparticles; for example, protein-protein interactions, interaction between sub units 

of ribosomes, DNA binding and protein denaturing events. 

1.3 Organization of This Thesis 

This thesis focuses on the theories and applications of aperture based optical trapping. 

Chapter 2 is a review on conventional optical trapping, single subwavelength aperture 

optics and the theory behind aperture based optical trapping.  

Chapter 3 gives a detailed summary of all the theoretical and experimental tools used. 

This chapter shows detailed nanofabrication process as well as presenting a new 

microfluidic channel, which opened up the opportunity to deliver a second particle in the 

vicinity of the trapping area. Finite-difference time-domain (FDTD) simulations are 

shown for better understanding the trapping behaviour.  

Chapter 4 presents all experimental data as well as discussions on the roll-off 

frequency and skewness analysis. This chapter gives the logical linking amongst my 

peer-reviewed journal publications in my Master study with a significant part being my 

own contributions.  

Chapter 5 concludes the thesis as well as making the suggestion for some possible 

future research directions.  

1.4 Author’s Contribution 

This thesis is based on projects, which have either been published or submitted to peer-

reviewed scientific journals. The contributions of all authors are provided in detail below: 
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1.4.1 Double Nanohole Optical Trapping: Dynamics and Protein-Antibody co-

Trapping [39] 

Here we study the dynamics of trapped particles, showing a skewed distribution and 

low roll-off frequency that are indicative of Kramers-hopping at the nanoscale. In 

addition, we demonstrate co-trapping of bovine serum albumin (BSA) with anti-BSA by 

sequential delivery in a microfluidic channel. A. Zehtabi-Oskuie performed the 

nanofabrication and microfluidic integration. The experiments were conceived and 

designed by A. Zehtabi-Oskuie and R. Gordon. The experiments were carried out by A. 

Zehtabi-Oskuie. The FDTD simulation results of the double nanohole trap were 

performed by H. Jiang. Kramers hopping explanation and skewness distribution have 

been done with the team work of B. Cyr, D. Rennehan, A. Al-Balushi. A. Zehtabi-Oskuie 

and R. Gordon co-wrote the manuscript.  

1.4.2 Flow-dependent Optical Trapping of 20 nm Polystyrene Nanospheres [40] 

This work is about studying the influence of fluid flow on the ability to trap optically a 

20 nm polystyrene particle from a stationary microfluidic environment and then hold it 

against flow. A. Zehtabi-Oskuie and J. Bergeron carried out all the experiments. A. 

Zehtabi-Oskuie and R. Gordon worked towards the analytical interpretation of the 

observed experimental results, calculated the trapping stiffness and explained the linear 

relation between the power and flow rate at which the particle is released. A. Zehtabi-

Oskuie and R. Gordon also co-wrote the manuscript.  
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1.4.3 Optical Trapping of Nano-particles and Review of Optical Trapping Setup 

[41] 

This work was a review of how to align optical trapping setup and use it for optical 

trapping of nano-particles.  It contains of a through explanation of nanofabrication 

process, preparation of sample, and data acquisition process. A. Zehtabi-Oskuie and S. 

Ghaffari helped for the filming process. J. Bergeron wrote the manuscript. The 

manuscript was edited by A. Zehtabi-Oskuie, S. Ghaffari and R. Gordon. 

1.4.4 Optical Trapping of an Encapsulated Quantum Dot Using a Double 

Nanohole Aperture in a Metal Film [42] 

Here we show trapping of quantum dots with mean size of 21 nm using a double nano 

hole on a gold film. Y. Pang’s previous works and guidance helped A. Zehtabi-Oskuie 

and J. Bergeron to carry out all the experiments. One of the quantum dot particles that 

have been used in this work was provided from M. Moffitt group. A. Zehtabi-Oskuie and 

R. Gordon co-worte the manuscript. 

1.4.5 Nanoaperture Optical Co-Trapping of a Protein-Antibody Pair [43] 

A. Zehtabi-Oskuie performed the nanofabrication process and integration of 

microfluidic channel into the optical trapping setup. The experiments were conceived and 

designed by A. Zehtabi-Oskuie and R. Gordon. A. Zehtabi-Oskuie carried out the 

experiments. R. Gordon and A. Zehtabi-Oskuie co-wrote the manuscript. 

 

 

 



7 
 

 
 

Chapter 2 
Theory 

 
In this chapter, a general description of the physical theory behind the optical tweezers 

is reviewed. Then, a review of the theoretical formulations of the optical force is 

presented. Finally, Bethe’s aperture theory of the optical transmission through a 

subwavelength aperture is introduced. As an application for this phenomenon, a double 

nanohole optical trap is designed and experimentally tested. 

2.1  General Description of Optical Tweezers 

Conventional optical tweezers use extremely small forces resulted from a highly focused 

laser beam to manipulate nanometer and micron-sized dielectric particles The laser beam 

has different beam width and the narrowest point is called the beam waist. In the beam 

waist, laser beam contains a very strong electric field gradient. It is known that a 

dielectric particle in a gradient electric field will move towards the point with strongest 

electric field. The strongest electric field in a laser beam is located in the center of the 

beam. Therefore, a dielectric particle in a laser beam is attracted to the center of the 

beam. When a dielectric particle is hit by a laser beam, photons get scattered or absorbed 

by the particle and their momentum is transferred to the particle, which applies a force to 

the particle in the direction in which the laser is propagating.  This force is called 

scattering force and it causes the particle to move a position slightly lower than the beam 

waist in direction of the laser propagation. This displacement is shown in Figure 2.1. 

Optical traps have high sensitivity to displacement of particles and sub-nanometer 

displacements of sub-micron particles can be detected by these instruments [44]. They 

are also capable of manipulating the trapped particle to create such displacement.  [45]. 
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Manipulation of single molecules for research purposes is possible using optical traps and 

interaction of the instrument with a bead which has been attached to that molecule. 

Furthermore, studying DNA interaction with different proteins and enzymes is one of the 

widely-used applications of optical traps. While using optical traps for quantitative 

scientific measurements, the displacement of the particle from the trap center is limited to 

very small lengths, as the relation of the applied force to the particle and its displacement 

form the center of the trap center is linear only when the displacement is small. This 

linear relation of force and displacement can be used to model the trapping event to a 

simple spring in which, according to Hooke’s law, the applied forced is linearly related to 

the location of the particle [44]. 

 

Figure 2.1: Dielectric particle is pushed to the center of the beam and as the laser light is 

propagating upstream, it is pushed slightly higher than the beam waist. In this situation the 

applied force to the particle is linearly dependent of its displacement from the trap center 

and it can be modeled as a simple spring system. 

2.2  Detailed View of Optical Tweezers 

Explanation of optical trapping behavior depends on relative comparison of the particle 

size and the wavelength of used laser. Simple ray optics can be used whenever the 
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dimensions of the particle are much greater than the wavelength. Electric dipoles 

modeling of the particle is sufficient whenever the dimensions of the particle are much 

greater than the wavelength. The situation for particles with dimensions within one order 

of magnitude of the wavelength can be explained only by using either time dependent or 

time harmonic Maxwell equations using appropriate boundary conditions [44].  

2.3  Rayleigh Approach 

As it was mentioned in last section, whenever the dimensions of the particle are much 

greater than the wavelength, we can use ray optics treatments to explain the trapping 

event. Figure 2.2 shows the state of interaction between the light and the particle. 

Dielectric bead refract individual rays of light that enter and exit the bead. Therefore, the 

direction of the ray after exiting from the bead is different from the direction before 

entering the bead. This change in direction of the ray indicates a change in the 

momentum which is associated with the light, and due to Newton’s third law, an equal 

and opposite momentum change occurred on the particle to compensate this change of 

momentum. This change of momentum pushes the particle towards the center of the 

beam, if the particle is displaced from the center. The reason for this force is that the 

beam closer to the center, which has higher intensity, leaves a larger momentum change 

on the particle due to this higher intensity, and the net force will be towards the center. A 

particle placed in the center of the beam causes a symmetrical change of momentum and 

the net force will have no lateral component.  In this case, the only component of the net 

force is along the axial direction of the trap. The other force in this direction is the 

scattering force which will cancel out this component. Therefore, as the net applied force 

to the particle is almost zero, the particle will stably trapped slightly downstream of the 
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beam waist. There are two different models of optical tweezer regarding the direction that 

its laser is propagating compared to gravity [44]. The laser in standard tweezers 

propagate in direction of gravity and in opposite for inverted ones [46]. 

 

 

 

Figure 2.2: (a) In case that the particle is displaced from the center to the beam, the laser 

change of momentum on inner side of the particle compared to the less change of 

momentum on outer side of the particle, will cause a net force that pushes the particle to the 

center of the beam. When the particle is aligned with the center of the beam, the lateral net 

force will be zero, as momentum changes on both sides of the particle are equal. However, 

unfocused beam still pushes the particle in direction of laser propagation. (b) In case of a 

focused beam, in addition to keeping the particle in the center of the beam, the axial force is 

(a) 

(b) 
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towards the beam waist and where this force cancels out the scattering force is the trap 

center.  

2.4  Bethe’s Aperture Theory 

When the object is much smaller than the wavelength of light, the time dependence of 

Maxwell’s equations can be neglected and solve for the field around the object using 

electrostatic boundary matching conditions, as the spatial variation of the field is much 

more rapid than the temporal variation. When light is exposed to an aperture on a metal 

sheet, in the case of aperture being much smaller than the wavelength of light, the light 

will be cutoff in the aperture and cannot propagate. In other words, light with a large 

wavelength cannot fit itself into a hole that is much smaller than the wavelength, so that 

there is no way for the propagating wave to satisfy the boundary condition that the 

tangential electric field on the metal boundary has to be zero. Under such a condition, 

light is diffracted at the edge of the sub-wavelength aperture [47]. 

In 1944, Nobel Prize-winning physicist Hans Bethe derived the theory of diffraction 

for small apertures. The diffraction of light transmitted through a subwavelength hole in a 

metal screen was the first thing than Hans Bethe studied [48]. Bethe set up the problem to 

solve for “the diffraction of electromagnetic waves by a small hole in an infinite plane 

conducting screen”, but as it is shown in the Figure 2.3, solving more practical problems 

such as “the effect of a small gap in a wave guide upon the propagation of waves along 

that guide” was his original intention [47]. 
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The quasi-static approximation is one of the easiest way to reproduce Bethe’s result. 

Here, we studied the approximated emission of a magnetic dipole (as the tangential 

electric field at the surface of a conductor is zero and tangential magnetic field is strong, 

we use a magnetic dipole to perform this approximation) over a circular hole with the 

diameter much smaller than the wavelength of light on an infinite perfect electric 

conductor (PEC). In this case, we consider the plane wave incident normally to the PEC 

plane and the electric and magnetic field parallel to the PEC plane. We can neglect the 

time dependence and solve the field around the object using only boundary matching 

conditions in electrostatics. The light diffracted by the hole can be approximated by the 

emission of a magnetic dipole. For obtaining the effective magnetic dipole moment of the 

hole in response of the incident plane wave, we can solve the boundary condition of the 

magnetic potential at both sides of the PEC plane [49]. The power emitted by this dipole 

is a good model for the transmitted power through the hole. In free-space, the optical 

transmission is expressed as: 

Figure 2.3: investigating the transmission through a hole in a waveguide screen separating 

two cavities α and β was Bethe’s original intention as an application of his aperture theory. 



13 
 

 
 

1
2
4
3

8
3

∝ 	

Where Z0 is the free-space impedance, λ0 is the wavelength in free-space, r is the hole 

radius, and H0 is the magnetic field of the incident wave. After normalizing to the area of 

the hole, as an important conclusion of Bethe’s theory can be obtained: the optical 

transmission through a sub-wavelength aperture is inversely proportional to the fourth 

power of the light wavelength, that is T ∝ (r/λ)4. The schematic illustrating the 

transmission of light through a sub-wavelength hole is shown in the Figure 2.5 [47]. 

  

In case that the aperture is surrounded by a dielectric medium with a refractive index n, 

the wavelength in the medium is scaled as λ = λ0/n. So, a larger optical transmission is 

expected for the same aperture size:  

1
2
4
3

8
3

 

Figure 2.4: The spectrum is the most important summary of Bethe’s aperture theory: the 

optical transmission is proportional to the inverse fourth power of wavelength. 
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2.5       Aperture with Different Shapes	

    A simple aperture shape, such as a circular aperture, on an infinitely thin PEC screen, 

as an idealized physical situation are the main focuses of Bethe’s aperture theory. 

However, for a more realistic condition, the finite thickness and the material properties of 

the metal screen should be considered. Also, changing aperture shape may cause a higher 

transmission through an aperture. Furthermore, cutoff wavelength of a certain shaped 

aperture may be larger than other apertures. Therefore, even while its total area remains 

unchanged, more light can transmit through it [47]. The aperture that has been in use 

through this thesis is a double nanohole on a gold film. Cutoff wavelength of the double 

hole is designed to be slightly shorter than the wavelength of the main trapping laser 

beam in water using numerical simulations with the finite-difference time-domain 

method. When a polystyrene nanosphere with a larger refractive index than water enters 

the vicinity of the double nanohole, the hole will appear optically “larger” (by dielectric 

loading) because of the local increase of refractive index, thereby increasing the cutoff 

wavelength and finally making the double nanohole transmit more light. As the presence 

of the nanosphere changes rate of the light momentum, from Newton’s third law, a force 

is generated acting back on the nanosphere, and the nanosphere is always pulled back to 

equilibrium position by this self-induced force [34]. 
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Figure 2.5: Subwavelength aperture optical transmission: a) Without particle; b) Increased 

transmission due to dielectric particle; c) If particle attempts to leave, the decrease in light 

momentum (ΔT) will cause a force (F) on the particle as to pull it back into the hole; d) Red-

shifting of the transmission curve caused by the particle, leading to the change in 

transmission ΔT. 
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Chapter 3 

Methods 

This chapter introduces the optical trapping setup and experimental and numerical 

methods that have been used for this thesis. The nanofabrication process for fabricating 

the double nanoholes in a gold film, for sample preparation and for microfabrication for 

the optical trapping experiment are explained. A comprehensive FDTD electromagnetic 

calculation of the DNH structure was presented to give a better physical understanding of 

the trapping behaviour. 

3.1  Optical Trapping Setup 

3.1.1 Experimental Setup 

Figure 3.1(a) shows the setup based on Thorlabs optical tweezer kit OTKB that has 

been used in our experiments. A fiber-coupled 820 nm photo-diode laser (Sacher 

Lasertechnik Group, Model TEC 120) was collimated, expanded, and focused onto the 

sample using a 100× oil immersion microscope objective (1.25 numerical aperture), 

forming a laser spot of 1.1 μm diameter. This laser has low absorption rate in water, 

which is favorable for working with water-based solution. An optical density filter was 

used to limit the optical power to below 10 mW at the output of the objective. For 

rotating the polarization of the laser beam, a half-wave plate was used. A 10× condenser 

microscope objective (0.25 numerical aperture) was used for collecting the transmission 

light and the signal was measured by two different silicon-based avalanche photo detector 

(API SD394-70-74-661 and Thorlabs APD110A). Based on number of photons which 

reach to the detector surface, it will generate voltage which then will be recorded with an 
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analogue to digital converter and analyzed using a Matlab code that is represented in 

Appendix A. So that when the particle gets trapped in the double nanohole area, which 

makes the nanohole optically larger, the number of photons that reach the APD will 

increase. Therefore, we expect to have a jump in the output voltage of the APD. 

 The sample was mounted between the oil-immersion microscope objective and the 

condenser microscope objective and aligned using a piezoelectric controlled xyz sample 

stage to give a 20 nm positioning precision. 

    The polarization of the trapping beam was chosen such that the electric field was 

aligned with the two tips in the double nanohole structure. With this polarization, there is 

a large local field enhancement in between the two tips creating a strong trapping point. 

Figure 3.1(b) shows the enlargement of the sample between the two objectives. 

Encapsulated Quantum dots, Polystyrene were suspended in water (0.05% 

weight/volume, w/v) with a trace amount of surfactant to prevent aggregation. The 

concentrations used for the BSA and anti-BSA were 0.1% w/v and 0.01% w/v in 

phosphate buffered saline solution respectively. The solutions were ultrasonicated to 

further ensure against aggregation. For the highly absorption rate of BSA to gold surface, 

a monolayer of thiolated PEG layer was attached to the gold film. This has been done by 

immersing the Au film sample in an 5 mM aqueous solution of shPEG at room 

temperature overnight, and then rinsing it with the deionized water to remove the 

remaining non-chemisorbed shPEG thiol molecules.  

For the trapping of the encapsulated quantum dots, the nanosphere suspension were 

sealed at the gold surface using a 80 μm thick poly dimethyl siloxane (PDMS) spacer 

well and a 150 μm thick glass microscope coverslip. The sample was mounted with the 
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Au film facing down so that the small contribution from gravity pulls the nanospheres 

away from the Au film, and the optical force works against gravity. Immersion oil with 

refractive index of 1.51 was used in between the oil immersion objective and the 

coverslip.  

Figure 3.1 (c) shows two scanning electron microscopy (SEM) images of the double 

nanohole, (a) normal to the surface and (b) at 35° from vertical which are taken by 

Hitachi S-4800 FESEM. In the picture, the separation of the two sharp tips is measure to 

be 25 nm that according to literature is the best separation tip for trapping of 20 nm 

particles. The double nanohole was milled on a commercially available 100nm thick Au 

film on glass substrate with a 2 nm Ti adhesive layer (EMF Corp.) by using focus ion 

beam system (Hitachi FB-2100 FIB). 
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(a) 

(b) 

(c) 

 Figure 3.1: (a) Schematic drawing of the nano scale double-hole self-induced back-action

optical trap. (b) An enlargement of the red circle part in (a), showing details of the

composition of the sample in the microfluidic chamber, the setup of the oil immersion

microscope objective, and the condenser microscope objective. (c) SEM images of double

nanohole. Abbreviations used: LD = laser diode; SMF = single-mode fiber; ODF = optical

density filter; HWP = half-wave plate; BE = beam expander; MR = mirror; MO =

microscope objective; OI MO = oil immersion microscope objective; APD = avalanche

photodetector. 
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Figure 3.2 (a, b) shows the modified trapping setup with microfluidic delivery. We 

create a microfluidic environment that is integrated into our nano-aperture trapping setup, 

in order to make us able to characterize the ability to trap nanoparticles against fluid flow 

for varying flow rates. The flow rate has been provided using a Fusion Syringe Pump 

(Model Fusion200).  

Figure 3.2 (c) shows further changes to the setup in order to support the idea of flowing 

two different particles to the trapping area. Here we use a dual syringe pump system and 

a T connection to allow for sequential delivery of a protein and its complementary 

antibody. 
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(c) 

Figure 3.2: (a) (b) Modified setup parts to integrate microfluidic capability to the trapping

setup. (c) Modified setup to provide delivery of second particle to the trapping vicinity. 
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3.2  Microfabrication Technique 

3.2.1 Microfluidic Channel for the Stationary Solution  

Figure 3.3 shows the technique for fabricating a microfluidic channel for trapping a 

single particle. The result of this procedure is a microfluidic channel, which can hold a 

stationary solution in the trapping setup. This microfluidic channel consist of a 150 μm 

thick glass coverslip and 80 μm thick PDMS which plays the role of a spacer layer. 

PDMS base (Sylgard184 Silicone Elastomer Base, Dow Corning Canada) was mixed 

with Sylgard 184 Silicone Elastomer Curing Agent (Dow Corning Canada) at a ratio of 

10:1. The mixture should be in a vacuum chamber for 30 minutes in order to make it 

smooth and without bubble. Then it has been poured onto the bottom of a Petri dish for 

spin-coating (Specialty Coating System G3P-8 Spin-Coat System) at a spin rate of 500 

rpm for 10 s for spreading, and then at a spin rate of 950 rpm for 60 s. The glass coverslip 

was then placed on top of the spin-coated PDMS mixture. The coverslip-covered PDMS 

mixture was then degasified in a vacuum chamber for 30 minutes to remove any air 

bubbles between the coverslip and the PDMS mixture. The coverslip-covered PDMS 

mixture was then baked with a hot plate for 10 minutes to harden the PDMS. Then the 

coverslip was peeled off from the bottom of the Petri dish with the PDMS layer on the 

coverslip, since PDMS is more adhesive to glass than to the Petri dish (made of PMMA). 

A window of about 3 mm by 3 mm in size was then cut and removed from the PDMS as 

the microfluidic channel using a knife. 
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3.2.2 Microfluidic Channel Capable of Fluid Flow 

For fabricating the microfluidics chip, same as the previous section the first step is 

pouring PDMS (the same ratio of curing agent and the base) in the petri-dish and spin 

coat it to create a thin layer and then put a glass cover slip on top of the PDMS and then 

curing it on the hot plate. The cover slip and the PDMS under it are cut out. Then the 

channel is cut out diagonally on the cover slip. Another layer of PDMS is prepared in a 

separate petri dish and a piece with the same size of the cover slip is cut out of it. A hole 

is cut out at the centre and it is placed on the top of the channel on cover slip. Then the 

gold film in which the double nanohole has been fabricated is placed on top of this hole. 

The whole configuration is then placed in another petri dish and PDMS is added into it so 

Figure 3.3: A process flow diagram illustrating the fabrication of the microfluidic channel 

consisting of a microscope coverslip and a PDMS spacer well. 
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that it covers all the parts. In this step the PDMS will penetrate below the cover slip and 

lift it a little. Next, the PDMS is baked and two holes are punched for tubing. Four holes 

are punched for screws, which hold the whole configuration on an aluminium clamp. 

Wiring is used in order to support the tubes so that any movement does not affect that 

tubes’ fitting. Figure 3.4 and 3.5 show the steps of this procedure and the configuration 

view from top and side and also the aluminum clamp. 
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(a)  

(b)  

(c)  

(d)  

(e)  

(f)  

(g)  

Figure 3.4: Fabrication steps of the microfluidics chip. (a) Spin coat PDMS in a petridish,

put a coverslip on it and baked. (b) The cover slip and a channel on it has been cut out. (c)

Another PDMS layer is prepared and put on the configuration. (d) Gold sample is placed on

top of the chip. (e) Fill up the petridish to flush with the gold sample. (f) Punch holes for

tubing. (g) Punch holes for screws and cut out the sample and put it together with the

aluminum clamp.   
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(a)  

(b)  

(c)  

Figure 3.5: (a) Top view of the chip. (b) Aluminum clamp. (c) Side view of the chip.
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3.3  Nanofabrication Procedure  

The double nanohole was milled on a commercially available 100 nm thick Au film on 

glass substrate with the 2 nm Ti adhesive layer using a FIB milling technique. We have 

used a Hitachi FB-2100 Focused-Ion Beam system for the fabrication process. The 

milling process can be done by putting the double nanohole pattern file into the FIB 

controlling computer in the format of a bitmap figure. The Hitachi FB-2100 FIB system 

can process a bitmap figure with a maximum of 2000×2000 pixels. Using Matlab, we 

created a 2-dimensional matrix containing 0s (for black pixels which get exposed) 1s (for 

white pixels which do not get exposed) for the bitmap pattern file. Then, the command 

imwrite() will generate the bitmap figure as an input for the FIB system. The reader is 

referred to Appendix B for the code related to nanofabrication. 

Figure 3.6(a) shows a sample bitmap used to fabricate the double nanohole using FIB 

(the dark area in the bitmap gets milled). The real area, which will be affected by the FIB 

milling system is about 400×400 μm2 on the gold sample. This is proportional to the 

maximum pixel resolution (2000×2000 pixel for this case). The double nanohole bitmap 

pattern consists of two solid circles. The diameters of the circles and the separation 

between them are varied to control the size and the tip separation of the double nanohole. 

For having a double nanohole with the smallest tip separation (desired for the largest 

local field enhancement), the two circles should be made just touch each other. For doing 

so, due to the finite beam width of the FIB, the center-to-center separation between the 

two circles should be about 30 to 40 nm larger than the circle diameter in the bitmap for 

the resultant two circles to just touch each other. In the case of Figure 3.6(a), the circle 

diameters are 160 nm, and the center-to-center separation is 190 nm. This template 
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creates a tip separation of approximately 15 nm. Between the circles, an optional thin 

line can be placed to remove any residue metal in between the tips, but this is not 

mandatory. As the double nanoholes are extremely small and finding them in the trapping 

setup is an impossible job, we added registration markers, both using the FIB and by 

hand to indicate the approximate location of the double nanohole(s). 

According to the previous work of our group [34] the best tip separation for trapping of 

20 nm diameter size particle is about 25 nm. We conducted several trial and error 

nanofabrication processes for finding the best parameter of the FIB system, which result 

in the tip separation of 25 nm.  

Figure 3.6 shows four double nanoholes which were the results of these experiments. 

Figure 3.6 (a) shows the case in which the number of passes was more than enough 

which result in a gap lager than what was desired. However, Figure 3.6 (b) shows a 

situation that number of passes are not enough to mill the gold layer completely, which is 

not favorable for trapping. 



29 
 

 

 

 

 

 

(a)

(b)

Figure 3.6: (a) SEM images of the double holes that have large tip separation. (b) SEM 

images of the double holes that have no tip separation and the gold film is not completely 

milled. 
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The best double nanohole that had a tip separation of 25 nm was milled using an ion 

accelerating voltage of 40 kV and a beam limiting aperture with a 15 μm diameter, under 

a 60k magnification. 80 passes were used for milling each double nanohole and a 5 ms 

dose time was used for each pass.  

Figure 3.6(a) shows the bitmap file which was used to mill the double nanohole which 

is shown in Figure 3.6(b). As the FIB systems have an inevitable resolution problem, we 

milled arrays of double nanohole in between of our registration markers to allow for 

errors. Moreover, as the transmitted light through these small nano holes are not enough 

to make them visible in the trapping setup, one can mill a thick ring with the center of 

each hole in which the ring is thick enough to be visible in the trapping setup, so that it 

eases the nano hole finding process.  

 

 

Figure 3.7: (a) Sample bitmap figure (within the red dotted line box) used to fabricate the 

double nanohole using FIB. (b) An SEM image of the resultant double nanohole fabricated 

using the bitmap in (a). 
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3.4  Finite-Difference Time-Domain Simulations 

We performed comprehensive finite-difference time-domain electromagnetic 

calculations of the DNH structure combined with Maxwell stress tensor analysis to give a 

better physical understanding of the trapping behaviour. The approach is similar to our 

past work [34], except here we consider the DNH shown schematically in Figure 3.8.  

 

 The grid size was chosen to be 1 nm to accurately account for the electromagnetic near-

(a) 

(b) (c) (d) 

Figure 3.8: FDTD simulations of the double nanohole structure. (a) The height profile of the

structure being modeled in the simulation domain;(b) the vacant hole, horizontal cross-

section, (c) the vacant hole, vertical cross-section and (d) the amount of intensity change

induced by a dielectric nanosphere, vertical cross-section. Colorbar units are normalized to

the incident intensity (i.e. relative field intensity enhancement is shown). The dash lines

outline the structure geometry. 
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field, the centre wavelength was chosen to be 815 nm, the refractive index values for the 

polystyrene, glass substrate and water were chosen to be 1.575, 1.52 and 1.33, and the 

permittivity of the gold was chosen to be -15.2+1.5i [50]. We found that the Ti layer has 

negligible effect and so it was ignored in these simulations. The gap-size at the 

overlapping point of the DNH was taken to be 30 nm and the particle size was taken to be 

20 nm. The source was chosen to be a Gaussian with a spot-size of 500 nm. The laser 

power was taken to be 10 mW.   

 Figure 3.9(a, b) shows the electric field intensity distribution without and with the 

nanoparticle on a dB-scale. It is clear that the presence of the nanoparticle creates a 

strong and non-uniform redistribution of the local field that cannot alone be accounted for 

by a simple dipolar model [25].  

Figure 3.9(c) shows the trapping potential energy when moving the particle between 

the two cusps. There is a potential barrier of 0.18  in the trapping potential between the 

two trapping potential minima (leaving a 1 nm gap on each side to facilitate Maxwell 

stress tensor analysis), where  is the Boltzmann constant and  is the temperature 

(assumed to be 300 K). The range of motion for the particle is restricted by the hard 

boundaries of the DNH aperture. The total depth of the trapping potential at this power 

was found to be 6.52 .  

 In our experiments, we found that a trapped particle was released when the power was 

reduced to 2 mW [40]. It is reasonable then that 2 mW corresponds to a potential well 

depth of approximately ; that is, around the transition between having a free particle 

and stable trapping for a measurable time. Therefore, there is reasonable agreement with 

our simulations that give a potential well depth of 6.52  for 10 mW of power, where 
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approximately 5  is expected from linear scaling. 

 

Figure 3.9: FDTD simulation results of the double nanohole trap. The electric field intensity

enhancement profile (dB-scale) of the double nanohole (a) without nanoparticle and (b)

with nanoparticle. (c) The calculated trapping potential across the two cusps of the double

nanohole showing two stable minima for 10 mW input power. 
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Chapter 4 

Optical Trapping Results and Discussion 

 This chapter introduces and characterizes the main theme of this thesis. It consists of 

the results of four studies organized under subsections 3.1 to 3.4. The projects considered 

here can be categorized as follows: (i) the trapping result of various nanoparticles of 

interest, (ii) presenting the ability of trapping against flow, (iii) demonstrating co-

trapping of bovine serum albumin (BSA) with anti-BSA by sequential delivery in a 

microfluidic channel, (iv) showing a skewed distribution and low roll-off frequency that 

are indicative of Kramers-hopping at the nanoscale. 

4.1  Optical Trapping of an Encapsulated Quantum Dot  

In this work, we use the double nanohole to trap encapsulated quantum dots. Quantum 

dots are practically useful for several purposes including computing, biology and 

electronic devices. The ability to manipulate these particles with precision is critical to 

development of quantum dots usage in the nanofabrication technologies such as optical 

antennas and photonic crystals. This results shows the ability of trapping, manipulating 

and controlling of quantum dots, which is the first step of enabling us to place a quantum 

dot at a specific location in a plasmonic or nano photonic structure.  

The CdS quantum dots, which are used in this work, are coated with a polymer shell, 

with a total size between 20 nm to 22 nm. 

Figure 4.1(a) shows TEM images of PS(226)-CdS quantum dots, which are used in our 

experiment, with different magnifications. PS(226)-CdS was dispersed in benzene 

(1.0mg/mL) and then a 10μ L drop was deposit onto carbon coated copper grid. 
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Figure 4.1(b) shows photoluminescence emission spectra of PS(226)-CdS in toluene. 

The quantum dots are illuminated by blue light and green light emission for observing the 

photoluminescence effect. 
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(a)

(b) 

Figure 4.1: (a) TEM images of PS(226)-CdS. (b) photoluminescence emission spectra of 

PS(226)-CdS in toluene. 
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The second type of quantum dots that has been used in our work was Qtracker non-

targeted quantum dots from Life Technology with radius of 10 nm with a coating layer. 

Its excitation wavelength is 405-615 nm and its emission wavelength is 565 nm. 

Figure 4.2 shows typical time trace in trapping events of polystyrene coated quantum 

dots PS(226)-CdS. The time domain traces of the transmission clearly show abrupt jumps 

between a high and a low level, which respectively refer to the trapped and the vacant 

states. This type of jumps is a typical indicator of trapping events. The voltage difference 

between the trapped state and vacant state was similar in all of the results, which shows 

that the trapping of a single particle has a unique difference in the output voltage. In this 

figure, when the particle got trapped, mechanical drifting of the sample due to nonlinear 

hysteresis behavior of piezo electric actuators caused a drift in the signal and that is why 

when the particle got released at around the second 120, the signal is lower than the 

amount that it was before the trapping event. Though, difference in the output of the APD 

voltage was equal in both trap and release event. 
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Figure 4.3 shows time traces of the transmission power through the double nanohole 

aperture for trapping of single Qtracker quantum dots. It shows several trap and release 

events happened during this experiment, note that every single particle trapping event has 

the same difference in the output voltage level.  

 

 

Figure 4.2: Typical time trace in trapping events of polystyrene coated quantum dots 

PS(226)-CdS. 
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The trapping of quantum dot opens up the great opportunity for the technologies in 

which the precise placing of quantum dot is an essential task. We have shown in this 

work that we are able to control and manipulate the single quantum dot; however further 

work has to be done for moving it to the desired place. Other than that our future step can 

be imaging of quantum dots using their fluorescence in order to have a clear indication of 

trapping event whenever a particle has been trapped. 

4.2  Flow-dependent Double Nanohole Optical Trapping 

In this work, we create a microfluidic environment that is integrated into our nano 

aperture trapping setup, and we characterize the ability to trap nanoparticles against fluid 

flow for varying flow rates. We find that stable trapping can be achieved for 20 nm 

polystyrene particles (Thermo Scientific, Cat No. 3020A, Normal diameter 20 nm) for 

flow rates exceeding 10 ml/min at powers below 10 mW corresponding to 3 μm/s flow 

  

Figure 4.3: Typical time trace in trapping events of single Qtracker quantum dots.
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velocities at the trapping surface which is demonstrated below. First, we calculate the 

average velocity by dividing the flow rate by the area of the channel, then we calculate 

the relationship of the average velocity and the absolute velocity of the fluid at the 

distance of a (radius of the dielectric nanoparticle) from the surface. Then, using this 

relationship and knowing the average velocity that we have calculated, the absolute 

velocity 3  at the center of the particle for the flow rate of 10  has been 

approximated. 
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Figure 4.4 shows the time evolution of the transmitted optical power through a double 

nanohole for two different incident powers (13.44 mW for the first experiment and 

10 mW for the second one), using 20 nm polystyrene spheres, while the solution flow-

rate was increased in 0.5 mL/min increments after trapping. The fluid was stationary at 

the beginning, then when the particle was stably trapped, we started to increase the flow 

rate gradually, which eventually resulted in the release of the particle from the trap. The 

measurements were repeated on different days with freshly made nanosphere suspensions 

each time and the data were repeatable for all types of holes and all nanospheres used. 

Moreover, this event was not observed when pure water without nanospheres was used. 

As pure water does not have dielectric particles for us to trap, the same experiment with 

pure water only resulted in a constant voltage without any jump, which emphasized the 
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point that the jumps in the dielectric solutions are representative of trapping. 

As shown in the figure, when the particle got trapped in the double nano hole area, the 

amount of noise in the output voltage of the APD suddenly get increased, which 

corresponds to the thermally driven motion of the nanoparticle in the trap, and so it 

contains information about the position of the particle in the trap. This effect will be 

further explained later in this chapter. 
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(a)

(b)

Figure 4.4: Optical transmissions through a double-hole with 25 nm tip separation with

13.44 mW (a) and 10 mW (b) of incident power. This figure shows trapping and releasing of

a 20 nm polystyrene nanosphere with increasing flow after trapping was achieved. Double-

arrows show 0.5 µL/min increments in the flow rate. 
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Figure 4.5 shows the dependence of the incident optical power and the flow-rate for 

which the trapped particle was released. The vertical error bars are standard deviations of 

the flow-rates for multiple trap and release events (greater than four events for each 

power). As an additional experiment, shown by the green data point in Figure 4, we first 

trapped a particle without flow and then reduced the power slowly until the particle was 

released. The horizontal error bar is the standard deviation of the power at which a 

trapped particle with high power has been released by decreasing the incident optical 

power without flow. With lower powers, the time to trap increases, as expected from the 

Arrhenius behavior [35]. For example, at 10 mW it took several hours to trap, and at 13.5 

mW it takes 10 minutes. The straight line is a linear fit of all the data, which has a slope 

of 1μl / (min×mW). So far, we have not seen any departure from the linear behavior, but 

this is limited by the laser intensity achievable in our present setup.  

  



44 
 

 

 

 

To explain the linear relation between the power and flow rate at which the particle is 

released, we consider interplay between the trapping force and Stokes’ drag. The trapping 

force scales linearly with power. This is true for perturbative gradient force, but more 

generally true from Maxwell stress tensor (MST) analysis [34]. The Stokes’ drag force 

scales linearly with flow rate. Therefore, it is expected that the critical flow rate where 

flow overcomes the trapping force will scale linearly with power as well, as found in the 

experiments. The finite power is required to hold the particle in a stationary environment. 

This is because of the Brownian motion of the particle. The random motion spectrum of 

the trapped particle, which is predominantly due to a random Gaussian noise process 

Figure 4.5: Critical flow rate as a function incident power, studied using 20 nm polystyrene

spheres and a double nanohole with 25 nm tip separation. The error bars are the standard

deviation of the data and the straight line is a linear fit to the data. 
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accounting for all the Brownian forces on the trapped particle can be measured, if a 

parabolic trapping potential was assumed [10,51]. 

We can estimate the optical trapping force based on the Stokes’ drag force required to 

release the particle. For a flow rate of 10 ml/min, the fluid velocity at the center of the 

channel is 3.2 mm/s which was shown before. Considering a laminar flow, for a high 

aspect ratio rectangular microfluidic channel, the velocity close to the edge of the channel 

can be approximated as: 

6	 	
 

Where Q is the flow rate, z is the distance from the edge of the channel near the center, h 

is the height of the channel and w is the width [52].  Using this equation, we estimate that 

the velocity at the center of the particle (10 nm from the edge) is 2.9 mm/s, which in turn 

gives a Stokes’ drag force on the 20 nm particle of 2 fN, including corrections for the 

adjacent boundary.  
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Under the present conditions, we have shown that it is possible to deliver a secondary 

particle to the trapping site in about thirty seconds, with a flow rate of 1.7 ml/min, which 

for a 20 nm trapped particle allows for stable trapping for powers of 3.5 mW and larger. 

Even though the flow rate is lower at the surface, the additional particles can be delivered 
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predominantly in the middle of the channel and then subsequently diffuse to the surface. 

 

4.3  Nanoaperture Optical Co-Trapping of a Protein-Antibody Pair 

Figure 4.6 shows a schematic of the protein/antibody trapping co-trapping experiments, 

where a, b, c, d, e, f show flowing in of ultra-pure BSA (AM2616, Life Technologies), 

trapping of BSA, flowing in polyclonal anti-BSA (A11133, Life Technologies), trapping 

of anti-BSA, flowing in of anti-BSA while BSA is trapped, and co-trapping of BSA with 

anti-BSA. As with our previous work on trapping a protein, a thiolated PEG layer was 

attached to the gold film to help prevent adhesion of the proteins [36]. The concentrations 

used were 0.1% w/v for the BSA in phosphate buffered saline solution, and 0.01% w/v 

for the anti-BSA in phosphate buffered saline solution. 
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Figure 4.6: (a) The approach of a single BSA particle to the double nanohole is shown. (b) A

single BSA particle is trapped between the tips of the double nanohole. (c) An anti-BSA

particle is shown approaching the vacant trap. (d) An anti-BSA particle is trapped between

the tips of the double nanohole. (e) An anti-BSA particle is introduced into a system with a

BSA particle already trapped. (f) Both an anti-BSA and a BSA particle are co-trapped

between the cusps of the double nanohole. 
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 Figure 4.7 shows the trapping of anti-BSA as seen by a jump in the transmission 

through the aperture measured with an APD. While the step-size depends on the aperture 

used, it was found that the step-size for trapping anti-BSA alone was typically ~2 times 

larger than BSA alone in these experiments, which is reasonable since anti-BSA is three 

times larger than BSA. Note that there is not a direct correlation between the particle size 

and the trapping signal because of the different shapes of the BSA and anti-BSA 

particles; however, the expected trend is that larger particles will show a larger signal. 

 

Figure 4.8 shows the trapping and subsequent co-trapping of BSA and anti-BSA, where 

the anti-BSA is flowed into the micro-channel once trapping of BSA is achieved. To help 

ensure that the BSA is not released from the trap, a moderate flow rate of 5 µl/min was 

used, as we have investigated in detail previously [40]. 

Figure 4.7: Typical trapping signal of an anti-BSA particle is shown. The letters (c) and (d) 

refer to schematic Figure 3.6. 
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Figure 4.9 shows an additional co-trapping event in which we first trapped the BSA 

particle and then flowed the anti-BSA solution to the DNH region. The first jump 

represents the trapping of BSA, which was followed by flowing the anti-BSA solution. 

The second jump shows the co-trapping event when the anti-BSA reached the trapping 

region. We have used a flow rate of 5µL/min, which can deliver the second particle in a 

reasonable time, while not being large enough to release the first trapped particle in most 

cases. The fluctuation at around 900 seconds might be the first attempts of co-trapping 

of BSA and Anti BSA, or it might occur as a result of the turbulence of the fluid flow.  

Figure 4.8: Co-trapping of BSA with anti-BSA. After flowing in BSA (a), BSA trapping

occurs (b), followed by flowing in anti-BSA (e), and anti-BSA co-trapping (f). The letters

(a), (b), (e) and (f) refer to schematic Figure 3.6. 
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BSA is smaller than anti-BSA and we found that the trapping of anti-BSA is easier as 

compared to trapping of BSA. Therefore, we repeated the experiment reversing the order 

of trapping to see if the same co-trapping could be achieved.  

Figure 4.10 shows the trapping of anti-BSA and subsequent co-trapping of BSA. The 

first jump is when we trapped anti-BSA and after 10 seconds BSA is flowed into the 

channel. The second jump is when BSA is co-trapped with the anti-BSA. 

 

 

 

 

 

Figure 4.9: Co-trapping of BSA with anti-BSA. BSA trapping occurs first (a), followed by

flowing in anti-BSA (b), and anti-BSA co-trapping (c). 

(a) 

(c)

(b)
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4.3.1 Co-trapping Towards Protein-Protein Interactions 

 Our motivation for studying co-trapping has been to investigate protein-protein 

interactions at the single/few particle level. First, we note that others have reported co-

trapping of nanospheres in rectangular aperture traps, and indeed it is the preferred state 

in that configuration where the width of the rectangle is comparable to twice the diameter 

of the nanosphere [20]. For the DNH trap, however, the situation is very different. We 

have found that steric hindrance prevents larger particles from being trapped in a gap that 

is narrower than the particle itself [35]. It stands to reason that for a 30 nm gap then, the 

co-trapping of two 20 nm particles is also subject to steric hindrance, and indeed we have 

not observed such co-trapping behaviour for the samples investigated in this work or in 

past works [34, 35, 53]. Furthermore, we have not observed co-trapping for BSA with 

Figure 4.10: Co-trapping of BSA with anti-BSA. BSA trapping occurs first (a), followed by

flowing in anti-BSA (b), and anti-BSA co-trapping (c). 

(a)

(b)

(c)
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BSA, or for anti-BSA with anti-BSA. Again, we suspect that this is because of steric 

hindrance.  

 Therefore, it is interesting that we have observed co-trapping events for BSA with anti-

BSA. This strongly suggests that there is binding occurring between the BSA and anti-

BSA. This is consistent with the fact that anti-BSA has a naturally high binding affinity 

for BSA.  

4.4  Dynamics of the Double Nanohole Trap 

4.4.1 Roll-off Frequency 

 Figure 4.11(a) shows the time domain response for a 20 nm polystyrene particle 

trapped using a DNH. It is clear that the “noise” increases substantially when the particle 

is trapped. This “noise” corresponds to the thermally driven motion of the nanoparticle in 

the trap, and so it contains information about the position of the particle in the trap.  

 Figure 4.11(b) shows the power spectrum of this “noise”. As is common with trapping 

systems in the low-Reynolds number regime, we fit this response to a Lorentzian and 

found a roll-off frequency of 11 Hz [54]. We repeated this analysis for 18 trapping events 

using laser powers between 10 and 15 mW, with an average roll-off frequency of 

10±3 Hz, where the uncertainty is taken from the standard deviation. The roll-off 

frequency increased from 8 Hz at 10 mW to 12.5 Hz at 15 mW. Considering the small 

size of the particle and using the usual statistical analysis [54], this is an unusually low 

roll-off frequency, by about 4 orders of magnitude, as will be discussed further below.  
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4.4.2 Skewness in Distribution 

Figure 4.11(c) shows a histogram of the avalanched photodetector (APD) voltage for 

the trapping event in Figure 4.11(a). Histograms are commonly used in the trapping 

literature to monitor the position of a particle and also deduce the trapping potential [55]. 

For the aperture traps, the transmission intensity can be used to study the trap dynamics 

[20]. Unlike previous works, however, the trapping events analysed here showed a 

clearly negative skewness of -0.4±0.2V over all the 18 events analysed. The reader is 

referred to Appendix C and D for more analysed events and codes that have been used for 

analyzing. 
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Figure 4.11: (a) Time domain trapping event of a 20 nm diameter polystyrene sphere.

Trapping and releasing are discrete steps shown with arrows. (b) Power spectrum of the

trapping event in (a). The 3-dB roll-off occurs at a frequency of 11 Hz. (c) Voltage

distributions from the trapping event in (a). The plot is offset so that mean is around zero.

The skewness is -0.41, which is close to the average found over 18 trapping events. 
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4.4.3 Kramers Hopping Explanation of Low Frequency Roll-off 

 While the DNH clearly does not have a harmonic potential, we consider the analysis 

associated with a harmonic potential as a starting point to get an order-of-magnitude 

estimate of the expected roll-off frequency. The roll-off frequency is given by: 

	 / 2 , where  is the trap stiffness and  is the drag coefficient [54]. We can 

estimate the trapping stiffness from the equipartition principle 	  [54], 

using 100 nm2 by assuming that the trapping dimension is comparable to 

lateral dimension of the aperture and/or the particle size. For the Stokes drag on a sphere 

of 20 nm diameter in water, we find 3 10  Hz. Even if the Stokes drag is made 

three times larger due to Faxen’s law at the boundary, this is still significantly larger than 

~10 Hz observed in the experiments.  

 A possible explanation for the low frequency “noise” roll-off in the power spectrum is 

Kramers hopping. Kramers hopping has been observed in double-well optical traps 

separated by 350 nm and having a barrier height from a fraction of  up to several , 

resulting in three decade variation in the transition rates between the two potential wells 

[53]. That work considered 600 nm diameter silica spheres. For the DNH, there are also 

two stable trapping points at the two cusps. The dimensions are reduced by 

approximately a factor of 30, however, to 10 nm separation between the stable points and 

a 20 nm diameter polystyrene sphere.  

 The skewed position distribution also supports the Kramers hopping hypothesis. In 

particular, the extended tail towards lower intensity can be interpreted as the time spent 

transitioning over the barrier between the two stable points. While there are few examples 

of aperture trapping in the literature, recent works on rectangular apertures did not appear 
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to show a skewed distribution [20]. In that work, the separation between the stable 

trapping points at each edge of the trap was significantly greater than the particle size. 

That work did find trap-release-trap events with a 71% probability, where it is possible 

that the second trapping event occurs at the other side of the rectangle. 

 It is difficult to quantitatively estimate the transition rate due to surface hydrodynamics 

and the complicated 3D geometry of the system. It should be noted though that thermal 

effects are expected to be small since BSA does not denature in the trap [36], and its 

denaturing temperature is around 50°C. The good thermal conductivity of the gold film 

helps reduce heating effects in aperture trapping, as compared to isolated resonant 

structures, like in plasmonic particle trapping [28] and photonic-crystal trapping. Indeed, 

recent works on plasmonic nanopillars have used an adjacent metal film as a natural heat 

sink [56].  
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Chapter 5 

Conclusion and Future Work 

A double nanohole in a metal film can optically trap nanoparticles such as 

polystyrene/silica spheres, encapsulated quantum dots and up-converting nanoparticles, 

which has been investigated in this thesis. The main achievement of this work was 

integrating the microfluidic channel into the optical trapping setup. We study the 

influence of fluid flow on the ability to trap a 20 nm polystyrene particle from a 

stationary microfluidic environment and then hold it against flow. We demonstrated co-

trapping of a protein with its antibody. Such co-trapping was not found for any other 

particles that do not have a strong binding affinity, which suggests that the protein-

antibody system was jointly bound in the trap.  

We performed comprehensive finite-difference time-domain electromagnetic 

calculations of the DNH structure combined with Maxwell stress tensor analysis to give a 

better physical understanding of the trapping behaviour.  

The power spectrum of optical trapping for the DNH showed a surprisingly low 

frequency roll-off of ~10 Hz. We believe that Kramers hopping between the two stable 

points of the DNH trap leads to this observed roll-off, which is further supported by 

negative skewness in the intensity distribution and numerical simulations of the trapping 

potential. 

The structure proposed in this thesis is predominantly based on a single aperture 

without relying on periodic structures. This has a significant advantage in interacting with 

the smallest possible amount of material, and in extremely compact optical integration. 
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All these topics have strong potentials to be further explored. In the following section, I 

would like to outline some research ideas that may be developed from my past research 

contributions. 

5.1  Characterization of the Trapped Particle 

Characterizing the trapped particle can be introduced, as a second possible evolution to 

the trapping experiment. Trapping of a single quantum dot opens up the possibility for 

characterizing the trapped particle. Incorporating a fluorescent detection scheme into the 

setup gives it an extra degree of freedom to chase the trapped fluorescent particles.  

Moreover, there are several fields in which quantum dot trapping can be used, 

including individual study of optical properties of quantum dots in a solution, and 

movement of quantum dots to a specific location in a photonic structure, which is a 

practical feature for lots of application. 

As a more interesting method, a Raman spectroscope can be integrated into the setup to 

specifically look at the Raman signal of the immobilized particle and subsequently 

monitor binding and reaction events at a single nanoparticle or even a single molecule 

level. 

5.2  Trapping Using a Near-Field Probe (nano-pipette) 

Adding the microfluidic chip to the optical trapping setup opens the door for lots of 

applications, in which controlling of a nanoparticle is necessary such as applications in 

biology. Study of the flow-rate in which the trapped particle will be released can help us 

to design a “fiber tip” which has the ability to trap and hold the particle and move it to a 

desired place [37, 57]. This allows a long-distance transportation of an object with an 
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extremely small size. These kinds of fiber tips have the potential to be used in many 

applications such as optical sensing [58, 59] and SERS mapping [57].  

5.3  Manipulation and Sensing Application 

These experiments are significant steps towards future studies of nanoparticle 

interactions in the micro/nano-fluidic environment, where there is a natural convergence 

of plasmonic and fluidics for manipulation and sensing applications [60, 61]. Using the 

novel optical trap, a possible experiment that might be done is to trap and isolate a single 

virus, move it to the vicinity of a living cell or a bacteria, and study the infectious 

behavior at the single virus level (single species) [7]. In this way, the heterogeneity 

within a single virus species, which is usually a concern in immunology studies, can be 

removed.  

This co-trapping opens up exciting possibilities for the study of protein interactions at 

the single particle level. 
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Appendix A 

Matlab Code For Data Analysis 

 
 
clear; 
 
FileName = {'2011_08_26 820nm 
Laser\Sample5_Hole23_BSA_PEG_NoFilt_MaxPol_InFoc_14\data1'};  
time = [400; 1800; 1800];    % in seconds 
 
for filen = 1:(length(FileName)) 
 
    TimeData = [0 0]; 
    File = cell2mat(strcat(FileName(filen), '.txt')); 
 
    if exist(File); 
 
       Celldata = textread(File, '%s', -1, 'bufsize', 500000000);  
       Celldata = regexp(cell2mat(Celldata(3)), ',', 'split'); 
        
       data = squeeze(zeros(length(Celldata), 1)); 
       for datan = 1:length(Celldata)-1 
           dataline = cell2mat(Celldata(datan)); 
           data(datan) = str2num(dataline); 
            
           if mod(datan, 1000) == 0 
              [datan, length(Celldata)] 
           end 
       end 
 
 
        pace = data(1); 
        conversion = data(2); 
     
 
    end 
 
    figure(filen+10); 
    hold on; 
 
    plot(linspace(0, time(filen), length(data)), data/max(data)); 
    axis([0, time(filen), 0, 1]); 
 
    xlabel('Time (s)', 'fontsize', 16); 
    ylabel('Voltage (V)', 'fontsize', 16); 
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    title(FileName(filen)) 
 
     clear data; 
end 
 
 
 clear i spectext token remain wavelength amplitude; 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

\ 
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Appendix B 
 

Matlab Code for Nano-fabrication 
 

Make Circle: 
 

function A=circle(A,xc,yc,rad,xspac,yspac,xn,yn) 

 

Xc=xc+([1:xn]-1)*xspac; 

Yc=yc+([1:yn]-1)*yspac; 

 

for i=1:length(Xc) 

    for j=1:length(Yc) 

        for x = (Xc(i) - rad):(Xc(i) + rad); 

            for y = (Yc(j) - rad):(Yc(j) + rad); 

                if(x>0 && y>0 && x<=length(A) && y<=length(A)) 

                    if ((x-Xc(i))^2+(y-Yc(j))^2<=rad^2) 

                        A(x,y) = 0; 

                    end 

                end 

            end 

        end 

    end 

end 
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Make Rectangular: 
 

function A=make_rect(A,xv,yv,l,w,xspac,yspac,xn,yn) 

 

Xv=xv+([1:xn]-1)*xspac; 

Yv=yv+([1:yn]-1)*yspac; 

 

for i=1:length(Xv) 

    for j=1:length(Yv) 

        for x = (Xv(i):Xv(i)+l); 

            for y = (Yv(j):Yv(j)+w); 

                if(x<=length(A) && y<=length(A)) 

                    A(x,y) = 255; 

                end 

            end 

        end 

    end 

end 
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Make the Hole structure: 
 

clc; clear all; 

%for Mag of 150k    1 nm = 2.1186 pix 

%k=2.1186; 

%for Mag of 180k    1 nm = 2.528 pix 

%for Mag 0f 7k  k=.1 

k=1.16; 

A=uint8(zeros(2000)); 

 

rad= round(k*[70]); 

px = round(k*[200]);  %period in x direction 

py = round(k*[200]); 

xn=1;   %number of elements in x direction 

yn=1; 

L=length(A); 

dx=px*(xn-1); 

dy=py*(yn-1); 

Cx=round(L-dx)/2; %x center of the top left element 

Cy=round(L-dy)/2; %y center of the top left element 

 

for ri=1:length(rad) 

d=2*rad(ri)+40; 

    for j=1:length(Cy) 
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    for i=1:length(Cx) 

        A=make_circle(A,Cx,Cy,rad(ri),  px,  py,   xn, yn); 

        A=make_circle(A,Cx+d,Cy,rad(ri),  px,  py,   xn, yn); 

    end 

    end 

    A=(A)'; 

    BW=dither(A); 

    imwrite(BW,['bmp 1 bit/R',num2str(rad(ri)),... 

        '_d',num2str(d),'.bmp'],'bmp'); 

end  
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Appendix C 

Matlab Code for Roll-off Frequency and Skewness Analysis  

 

 
 %%%%% Friday December 7, 2012 
%%% by A Al Balushi 
%%% Nanoplasmonics Research Lab 
%%% University of Victoria 
  
clc 
clear all 
close all 
% format long 
  
bins = 25; %% No of bins for histogram 
  
  
sampling_time = 1800.004;  % edit from .txt file  *********** 
no_of_samples = 2821600;    % edit from .txt file ************* 
  
sampling_rate = no_of_samples/sampling_time;   %%%%%%%%%% 
t = 1/sampling_rate:1/sampling_rate:sampling_time; %%%%%%%%%% 
  
voltage_with_DC = importdata('11.76mw-modified-2.txt'); % edit 
********* 
%voltage_with_DC = voltage_with_DC1(1210545:3026360); % used to display 
%specific time frames of the time domain 
%voltage_with_DC = sgolayfilt(voltage_with_DC, 3, 101);% 
figure, plot(t,voltage_with_DC) %, axis([0 1800 0 1]);  
title('original voltage'); 
xlabel('Time'); 
ylabel('Voltage'); 
  
  
%%%%%%%%% new 
%%%%%%%%% correcting for the drift of the whole time domain signal 
hold on 
p = polyfit(t,voltage_with_DC,1); 
fitted_data = polyval(p,t); 
plot(t,fitted_data,'r') 
  
voltage = voltage_with_DC - fitted_data; 
  
figure, plot(t,voltage) 
title('Drift corrected APD voltage'); 
%%%%%%%%%% end 
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in_strt = 821800;  % edit to the start of a trapping event 
*************************** 
interval = 2^14;   % Determine the largest power of 2 that fits inside 
the trapping event 
in_end = in_strt + interval - 1; 
  
  
index = in_strt:in_end; 
t_trapping = t(index);  %%% new 
  
trapping_event = voltage_with_DC(index); % select part of 
voltage_with_DC ,i.e select traping event only 
  
figure, plot(t_trapping,trapping_event) 
title('trapping Event'); 
xlabel('Samples'); 
ylabel('Voltage'); 
  
%%%%%%%%%%%% new 
%%%%%%%%%%%% correcting for the drift in the individual segment of the 
time 
%%%%%%%%%%%% domain that contains the trapping event 
hold on 
p = polyfit(t_trapping,trapping_event,1); 
fitted_data = polyval(p,t_trapping); 
plot(t_trapping,fitted_data,'r') 
  
trapping_event = trapping_event - fitted_data; 
  
  
  
figure, plot(t_trapping,trapping_event) 
title('Drift corrected APD voltage'); 
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
y = skewness(trapping_event); 
[n,xout] = hist(trapping_event,bins); 
figure, bar(xout,n./numel(trapping_event)) 
title(['Histogram of trap event from original data. Skewness = 
',num2str(y),]); 
xlabel('Voltage'); 
ylabel('Probability'); 
  
  
fft_traping = fft(trapping_event); 
fs = sampling_rate/length(fft_traping); 
freq = 0:fs:(sampling_rate/2); 
  
figure, plot(abs(fft_traping))                  
title('fft of original trap') 
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figure, plot(abs(fft_traping)) 
title('fft of original data without DC component') % title('fft of 
original trap without DC') 
  
in_strt = 425000;   % edit to the beginning of a quiet part of the time 
domain signal 
in_end = in_strt + interval - 1; 
  
index = in_strt:in_end; 
  
before_trapping = voltage_with_DC(index);  
  
%fft_before_traping = 
fft(before_trapping.*hamming(length(before_trapping))'); 
fft_before_traping = fft(before_trapping);  
figure, plot(abs(fft_before_traping))                  
title('fft of signal before trapping event') 
  
%fft_before_traping(1) = 0;  %% cut off dc component 
figure, plot(abs(fft_before_traping))                         
title('fft of signal before tapping without DC component') 
  
diff = abs(fft_traping) - abs(fft_before_traping); 
figure, loglog(freq, (abs(diff(1:length(freq))))) 
title('fft of signal subtracting fft of untrapped signal') 
xlabel('Frequency (Hz)') 
ylabel('Power (a.u.)') 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
data = abs(diff(1:length(freq))).^2; 
dcval = mean(data(max(find(freq<1)):min(find(freq>4)))); 
st = min(find(freq>4)); 
  
f = @(x) sum((data(st:length(data)) - dcval./(1 + 
(freq(st:length(data))/x).^2)).^2); 
X = fminsearch(@(x) f(x), [20]); 
test = (dcval./(1+(freq/X(1)).^2)); 
  
loglog(freq, data); 
xlabel('Frequency (Hz)'); 
ylabel('Power (a.u.)'); 
hold on; 
loglog(freq, test, 'red'); 
Rolloff = X(1) 
Amplitude = sqrt(dcval) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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% voltage_with_DC = importdata('data1_modified.txt'); 
% figure, plot(voltage_with_DC) %, axis([0 1800 0 1]);  
% title('original voltage'); 
%  
%  
%  
% sub_v = voltage_with_DC(index); % select part of voltabe_with_DC. 
% figure, plot(sub_v) 
% title('Original data');% title('Original Trap Event'); 
% % xlabel('Samples'); 
% ylabel('Voltage'); 
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Appendix D 

Roll-off frequency and Skewness Analysis for different optical 

trapping event 

 
Figure D.1: Histogram of trap event from original data. Skewness = -0.24166 
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Figure D.2: FFT of signal subtracting FFT of untrapped signal  

Values: A(0) = 38, Est. Roll off = 13 

Taken from 10.08mw-may31-21modified.txt (2979000 to 2995384) 

 

 
Figure D.3: Histogram of trap event from original data. Skewness = -0.46801 
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Figure D.4: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 25, Est. Roll off = 13 

Taken from 10.08mw-may31-61modified.txt (Bryce) (137500 to 153884) 

 
Figure D.5: Histogram of trap event from original data. Skewness = -0.75906 
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Figure D.6: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 25, Est. Roll off = 13 

Taken from 10.08mw-modified.txt (2485000 to 2501384) 

 

 
Figure D.7: Histogram of trap event from original data. Skewness = 0.14952	
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Figure D.8: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 60, Est. Roll off = 13 

Taken from 11.76mw-modified-1.txt (1814000 to 1830384) 

 
Figure D.9: Histogram of trap event from original data. Skewness = -0.43799 	
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Figure D.10: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 25, Est. Roll off = 11 

Taken from 11.76 mw-modified-2.txt (821800 to 838184)	

 
Figure D.11: Histogram of trap event from original data. Skewness = 0.0122	
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Figure D.12: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 70, Est. Roll off = 14 

Taken from 11.76mw-modified-2.txt (1217000 to 1233384)	

 
Figure D.13: Histogram of trap event from original data. Skewness = -0.76962	
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Figure D.14: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 25, Est. Roll off = 12 

Taken from 11.76mw-modified-4.txt (56400 to 72784)	

 
Figure D.15: Histogram of trap event from original data. Skewness = -0.0034471 
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Figure D.16: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 25, Est. Roll off = 15 

Taken from 11.76mw-modified-4.txt (1195000 to 1211384) 

 

 
Figure D.17: Histogram of trap event from original data. Skewness = -0.19168 
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Figure D.18: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 20, Est. Roll off = 15 

Taken from 11.76mw-modified-4.txt (1831000 to 1847384) 

 
Figure D.19: Histogram of trap event from original data. Skewness = -0.11315 
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Figure D.20: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 35, Est. Roll off = 12 

Taken from 11.76mw-modified-4.txt (2225000 to 2241384) 

 
Figure D.21: Histogram of trap event from original data. Skewness = -0.25585 
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Figure D.22: FFT of signal subtracting FFT of untrapped signal 

Values: A(0) = 45, Est. Roll off = 13 

Taken from 13.44mw-may20-31modified.txt (Bryce) (1562000 to 1578384) 
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