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Abstract 
 

Photonic Actuation, Sensing, and Imaging of Biological and Soft Matters 
 

By 
 

Sadao Ota 
 

Doctor of Philosophy in Mechanical Engineering 
University of California, Berkeley 

Professor Xiang Zhang, Chair 
 

This dissertation extensively investigates applications of optics in bioresearch and 
introduces a series of developments in novel optical technology. The developed 
techniques include optics-based particle manipulation; nanophotonic, device-based gas-
sensing; and optical imaging. 

Fine control and the inherently remote capability of light technologies allow for 
enormous potential in every facet of modern advanced technologies. By exploiting these 
advantages and employing the observable photons as information carriers, the optical 
techniques developed in the physical sciences are now rapidly finding numerous 
important applications in the research fields of biology, medicine, and soft matters. Some 
examples are optical manipulation, sensing, and imaging. I have worked on the 
technological developments to solve issues faced in this interdisciplinary field. 

This thesis consists of four chapters. The first chapter serves as a brief introduction to 
each research field of optical manipulation, sensing, and imaging, encompassing the 
research of this PhD work. Chapter 2 describes three novel, optics-based techniques to 
manipulate nanoscopic objects: lipid integrated optoelectronic tweezers, 
optoelectrophoresis in nanofluidic scales, and the plasmonic Brownian Ratchet. Chapter 3 
reports the development of a novel explosive gas sensor utilizing an actively excited 
plasmon nanocavity. Chapter 4 introduces two novel microscopy techniques: the 
nanowire-based backscattering interference contrast microscope and the axial plane 
optical microscope. The first of these two reveals the Brownian motion of the anisotropic 
colloids near a wall, and the latter finds its applications in three-dimensional biological 
tissue imaging and fluidic lithography. 
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Chapter 1 
 
Introduction: Photonic Actuation, Sensing, and Imaging of 
Biological and Soft Matters  
 
 Photonics is the term developed as the outgrowth of practical semiconductor light 
emitters in the range of the visible and near infrared in the early 1960s. These 
increasingly available good light sources increased understanding of the nature of light as 
both waves and particles and gave birth to a variety of advanced optical innovations. 
Optical methods are unique and advantageous because the behaviors of light can be 
remotely designed and the light-matter interactions can be remotely understood. By 
exploiting these advantages of light as information vehicle, the optical techniques 
developed in the physical sciences are now rapidly finding numerous important 
applications in biology, medicine, and soft matters, including manipulation, imaging, 
sensing, and synthesis. These research fields are intrinsically interdisciplinary, requiring 
rich knowledge in sciences, insights in fundamental challenges for finding opportunities, 
and solid engineering skills for constructing effective solutions and executing ideas. In 
this dissertation—based on a wide range of knowledge in optics, optoelectronics, image 
processing, nanoscale photonics, and biology—I developed a series of optical 
technologies to address important issues of microscopic particle manipulation, optical gas 
sensing, optical imaging, and 3D optical lithography. This chapter will serve as a brief 
introduction to these fields and encompasses the research direction of this dissertation 
work. 
 
1.1 Micro- and Nanoscopic Object Manipulation 
 
1.1.1 Introduction and Summary of Existing Methods 
 Manipulation of micro- and nanoscopic object such as colloids, nanoparticles, and 
molecules is of great importance in a wide variety of research fields, from biological 
science and fundamental physics to nanotechnology. For example, trapping a single 
micro-sized particle revolutionized the study on the force mechanisms generated by 
single-chemical or biological molecules and chemical bonds [1-3]. As opposed to 
conventional ensemble spectroscopies, this single-molecule force spectroscopy enabled 
determining properties of a particular molecule under study and has revealed the 
mechanochemical coupling in enzymatic activities [4] and rare events such as 
conformational changes [5]. On the other hand, parallel manipulation of many small 
particles is also desired in the field of soft matters and high-throughput biotechnologies. 
For example, a monolayer of colloids represents analogues to various two-dimensional 
(2D) physical systems [6, 7], and tracking and/or controlling trajectories of these colloids 
allows us to study the 2D systems at the microscopic levels. Especially under an imposed 
potential field, the colloidal dispersion exhibits thermodynamic behaviors characteristic 
to many-bodied systems, offering a rich opportunity for understanding Brownian 
dynamics as well as fundamental insights into the phase change behaviors of freezing [8], 
melting [9], and molecular membrane dynamics [10]. Moreover, the nanoparticles allow 
us to communicate with biological systems at the sub-cellular resolution, both physically 
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and chemically, and thus potentially enable novel nanotechnology-based biological 
studies, with good manipulations systems [11].  

Over the last decades, scientists have developed ways to achieve such capability 
based on several mechanisms, including optical, electrokinetic, magnetic, acoustic [12], 
and hydrodynamic forces [13], some of which will be briefly introduced in this chapter. 
Among them, optical tweezers has apparent superiority in terms of its remoteness, high 
resolution for trapping individual objects, and high optical addressability. However, it 
typically requires strong light intensity to create a stable trap, limiting the size and kinds 
of particles to be trapped since such strong light can cause photo-induced damages. 
Moreover, the requirement of high light intensity limits the number of parallelized laser 
beams, or throughput, needed for certain applications. The other force mechanisms can 
alternatively achieve high throughput, but precise control of these forces at single particle 
levels is challenging due to intrinsic difficulty in remotely addressing them to individual 
targets while preventing them from interfering with each other. As a result, parallel 
manipulation technology that can controllably handle individual particles of a very small 
size, particularly much below the wavelength of light, is still a challenge.  

 
Optical Tweezers 

A decade after the invention of the laser, in 1970, Arthur Ashkin demonstrated the 
use of radiation pressure of the focused laser beam to accelerate and trap transparent 
microspheres [14]. More than a decade after this first demonstration, Ashkin et al. (1986) 
showed the stable trapping of dielectric particles with the gradient force of a tightly 
focused laser beam [15]. Currently, the optical tweezers is widely utilized to trap and 
manipulate nanomaterials and biological objects [16-18], and they have become a 
standard tool in the biophysics field [19].  

The optical force originates from the transfer of the photon momentum from the 
incident light beam to the manipulated particle. When the particle size is much larger 
than the wavelength of the trapping light (typically ! > 10!!, where ! is the particle 
radius and !! is the light wavelength in air), ray optics allows for calculation of the 
optical forces [15, 20]. Fig. 1.1.1 shows the qualitative view of the gradient force of 
optical tweezers at the laser focus. When the particle moves to the left of the laser focus, 
it deflects the laser beam to the left and thus increases the momentum of photons to the 
left. The particle feels the counter force from the deflected photons to the right and is thus 
pushed back to the laser focus (Fig. 1.1.1a). When the particle moves along the laser’s 
propagation direction (Fig. 1.1.1c), it defocuses the laser and thus decreases the 
momentum of photons along the propagation direction. The particle feels the counter 
force from the deflected photons and is thus pushed back to the laser focus. The 
mechanism of the forces to push back the particle to the laser spot is generally applicable 
to the particles in any position; thus, the focused laser can create a 3D stable optical trap. 
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Figure 1.1.1  Qualitative, ray-optical depiction of optical tweezers for trapping a transparent, 
dielectric, micro-sized sphere. The strongly focused laser beam creates a potential well of optical gradient 
forces in the 3D space, enabling a stable trapping of the particle. Particles located in positions laterally (a) 
or vertically (b) from the focus spot of the laser beam are pushed back to the focus due to the momentum 
transfer by the deflected photons.  

 
When the particle size becomes smaller than the trapping laser wavelength, the 
nanosphere can be approximated as a dipole. In this regime, the optical gradient force on 
the nanosphere under the incident laser intensity I(r) can be analytically calculated with 
the Rayleigh scattering theory [21]: 
 

F!"#! r = p r, t ∙ ∇ E r, t = !"!!"!!
!

!!!!
!!!! ∇I(r)  (1.1) 

 
where m is the relative refractive index compared to the media index and  p r, t  is the 
dipole in the nanoparticle induced by the instantaneous electric field E r, t  of the laser. 
The !!"#$ !  creates a trapping potential: 
 

V!"#$ r = !"!!"!!
!

!!!!
!!!! I(r)  (1.2) 

 
Optical tweezers holds apparent advantages over the other methods, offering 

optical addressability and high resolution for trapping individual objects [22, 23]. Despite 
the remarkable advances in the last 40 years, optical manipulation of individual 
specimens smaller than the wavelength of light, including biological molecules and 
nanoparticles, remains a considerable challenge. The major reason is that the optical 
forces decrease linearly with decreasing particle volume (equation (1.1) and (1.2)). The 
small optical index contrast between biological objects and water (small m in equation 
(1.2)) is another reason for this challenge. When one tries to trap the very small objects 
by increasing the light intensity, thermal or photochemical damages to these fragile 
objects become a critical issue. Although a laser beam with a wavelength at the near-
infrared window is typically used for biological cells’ manipulation to prevent optical 
damages due to heat generated from light absorption [24], the issue cannot be resolved 
for smaller individual molecules. In most cases, indeed, the optically trapped biological 
specimens have been micrometer sized [1-5]. In these cases, smaller macromolecules and 
molecular motors (sizes ~10-9 m) were studied by attaching the molecular specimens to 
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larger, micrometer-scale beads (~10-6 m) that can be optically trapped and stably 
manipulated. Unfortunately, because the bead is several hundred times larger than the 
specimen of interest, the tethering could affect the mechanical or biological properties of 
the specimen. Thus, the intrinsic issue of the potential damage induced by the strong 
optical intensity has limited its application in general. On the other hand, parallel optical 
tweezers have been utilized for many particle manipulations, where shaped optical fields 
generated with acousto-optic [25], interference [8], or holographic technologies [26, 27] 
were conventionally utilized to form desired landscapes of the optical potential field. 
However, because of the intrinsic challenge to maintain the strong light intensity for all 
parallelized laser beams, the throughput has been limited, especially for nanoparticle 
manipulations. 

 
Electrokinetic Trap: Electrophoresis and Dielectrophoresis 
 The electrokinetic trap is commonly used for manipulating micro- and nanoscale 
particles in microfluidic devices; recent progress in microfabrications has enabled routine 
patterning of arbitrarily shaped electrodes. Such designed electrodes at micron 
resolutions can address the electrokinetic forces to control the microparticles’ position, 
finding application in a variety of particle sorting and trapping techniques [28, 29]. Two 
of the most frequently used electrokinetic force mechanisms are electrophoresis [30] and 
dielectrophoresis [31].  
 First, electrophoresis refers to the particle motion induced by an applied direct 
current (DC) electric field on electrically charged particles (Fig. 1.1.2a). In 
electrophoresis, nanoscale particles such as DNA or proteins can be sorted out based on 
their electrophoretic mobility. The charged particles with a higher mobility move faster 
under the same electric field strength; v = µE, where v is the velocity, µ is the 
electrophoretic mobility, and E is the electric field [30]. The electrophoresis-based 
methods are inherently capable of noncontact, noninvasive parallel manipulation. They 
can manipulate only charged particles but are not limited by the particle size, which is 
typically the limit for other force mechanisms. Second, dielectrophoresis (DEP) refers to 
the particle motion due to the force generated by nonuniform electric fields acting on 
field-induced dipoles of the particles. The mechanism is the electrical analog of optical 
tweezers (Fig. 1.1.2b). This phenomenon relies on the gradient force of an electric field 
rather than on an optical field [31]. The magnitude of this dielectrophoretic force is 
proportional to the volume of the manipulated particles and the gradient of the squared 
electric field intensity ∇(E!"#! ) [32]: 
 

F!"# t = 2πr!ε!Re[K∗(ω)]∇(E!"#! ) (1.3) 
K∗ ω = !!∗!!!∗

!!∗!!"!∗
, ε!∗ = ε! − j !!! ,  ε!∗ = ε! − j !!!  (1.4) 

 
where r is the radius of spherical particles,!ε! and ε! are the relative permittivity of the 
particle and medium, σ! and σ! are the conductivity of the particle and medium, and 
Re K∗ ω  is the real part of Clausius−Mossotti (CM) factor. !K∗ ω  represents the 
complex polarizability of the particle in the medium under the applied alternating current 
(AC) electric field at the angular frequency of ω. DEP, unlike electrophoresis, is able to 
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apply its forces on both charged and neutral particles and has been used to trap and sort 
micro- and nanometer particles such as cells, bacteria, and viruses [33]. 
 Electrokinetic mechanisms are convenient tools for cell manipulation in 
multiparticle or batch scale processes. However, manipulating single cells that are 
randomly distributed on a surface requires high-resolution, pre-patterned electrode pixels 
over the large area. As a result, wiring and addressing these electrodes became one of the 
major challenges of using electrokinetic mechanisms for single cell manipulation. While 
a complementary metal oxide semiconductor (CMOS) DEP has been proposed to solve 
this issue, the complicated CMOS DEP chip is not cost-effective enough for biological 
applications, especially for disposable devices, to prevent cross-contamination[34].  

 

 
Figure 1.1.2  Electrokinetic Particle Manipulation. (a) shows the electrophoresis where the dc electric 
field is typically applied between electrodes and charged objects to generate the electrostatic force. (b) 
shows dielectrophoresis, where particles feel the force because of nonuniform electric fields acting on field-
induced dipoles of the particles. 
 
Magnetic Trap 

Magnetic forces are also often used to sort the biological cells in a variety of 
applications such as flow cytometry [35]. Magnetic beads are typically made of polymers 
containing a large number of superparamagnetic nanoparticles. The surface of these 
magnetic particles can be functionalized with antibodies, peptides, or lectins, to be 
attached to or engulfed by cells in the following steps. The target cells recognized by 
these biomarkers are tagged by the magnetic beads and can be sorted out by applying a 
static magnetic field. 

The magnetic force is advantageous over the electrokinetic or optical forces since 
static magnetic fields have fewer effects on the manipulated cells. On the other hand, it is 
intrinsically challenging to realize the magnetic tweezers with high resolution and high 
addressability. The microelectromagnetic template has been proposed to manipulate 
single cells at a high resolution using a magnetic field, which is essentially a matrix of 
microstructured electrical coils that can create highly localized magnetic field profiles 
[36]. The force generated in the magnetic field is expressed as F = m ∙ B, where B is the 
magnetic flux and m = VχB/!!, where V is the magnetic bead’s volume, χ is the bead’s 
susceptibility, and !!  is the vacuum permeability in the vacuum. Although such 
microelectromagnetic templates have shown the potential of magnetic tweezers for 
manipulating single cells, parallel manipulation of multiple cells remains challenging due 
to the cross-interference of traps at high density of the cells. In addition, attaching the 
high density of the magnetic beads to cells may alter the nature of the cellular processes. 
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1.1.2 Challenge and Scope of Dissertation Work 

 In summary, the existing methods demonstrate that optical tweezers have a clear 
advantage in terms of high addressability and high resolution in the face of decreasing 
force with the decrease in particle size. Other force mechanisms do not have such 
addressability and resolutions but can generate larger forces with the same amount of 
energy used for optical tweezers. In 2005, Professor Ming Wu’s group combined the 
strength of optical tweezers and DEP to demonstrate so-called optoelectronic tweezers 
(OET) [37], which could manipulate individual biological cells at high addressability and 
resolution. Nevertheless, it is still challenging for the OET to controllably handle 
nanoscopic objects whose size is much below the wavelength of light because the OET 
force is also proportional to the particle size. In chapter 2 of this dissertation, I will 
introduce three novel technologies to address optics-based manipulation of nanoscopic 
objects: OET integration with a biological membrane for enhancing its capability, a novel 
optoelectrophoresis concept at the nanofluidic scales for manipulating truly small 
biomolecules, and plasmonic nanotweezers for transporting particles over a long distance. 
 
 
1.2 Optics-based Gas Sensing 
 
1.2.1 Introduction and Summary of Existing Methods 

Sensing converts the physically measured quantities into signals that can be 
observed (typically electronically). A huge number of optical sensors have been 
developed and commercialized in the market, including temperature [38], electrical, 
vibrational [39], gaseous [40], and biomolecular [41] sensors. Particularly, there is 
critical demand for the gas sensing to maintain high security and high-quality health care 
for the future sustainable society [42, 43]. Direct detection of gas-phase molecules is 
advantageous over the liquid-assisted gas sensing because its simple detection procedure 
is more user friendly and quite often cost-effective. For example, certain kinds of volatile 
gases in our breath vapors are good indicators of potential diseases such as cancer [42]. 
Direct detection of these gas-phase molecules can effectively reduce the cost of the 
cancer diagnoses currently performed through lab procedures. Another example of its use 
in ensuring better security is early detection of explosives in situations such as airports 
and battlefields, and the complicated liquid-based lab-procedures cannot be utilized in 
practice [43]. Despite huge potential, the development of optics-based gas sensors was 
not as rapid as electric-based gas sensors [44] (so-called electric nose) in general, mainly 
because of the small size of gas molecules and their minimal interaction with the light. 
 
Mid-IR Absorption Spectroscopy (Optical Nose) 

Most typical organic molecules have vibrational modes that can be efficiently 
excited with radiation energy of resonant frequencies. Because such a resonant frequency 
is characteristic of the structure of a molecule, every molecule provides its unique 
absorption peaks in the mid-infrared range of the light spectrum. In this IR spectroscopy, 
a gas sample of interest is delivered in an optical cavity equipped with two highly 
reflective mirrors and infrared windows (Fig. 1.2.1) [45]. The probe IR laser beam is 
directed into this cavity, where the light reflects back and forth, to increase the light 
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interaction with the delivered gas molecules. If a large enough sample is provided in the 
cavity and the signal-to-noise ratio is high enough, this spectroscopy produces the most 
quantitatively accurate results. 

 
Figure 1.2.1 Typical optical setup used for Mid-IR absorption spectroscopy (Optical Nose). 
The setup utilizes a relatively large optical cavity that acts as a gas container while enhancing the light 
interaction with the diluted gas molecules (small absorption). 
 
Despite its accuracy, the drawback of IR absorption spectroscopy for gas sensing is that it 
requires the cavity with a long path length to compensate for the diluteness. The more the 
gas molecules are diluted, the longer the path length of the cavity needs to be. This 
requirement for large volumes of gaseous samples limits its sensitivity as well as its 
practical applications, such as detection of explosives in battlefields or medical diagnosis 
from breath vapors. One solution is to compress the volume sample, but additional cost 
on sample collection is disadvantageous for the competition with other approaches [46]. 
 
Photonic and Plasmonic Resonant Sensors 

As mentioned above, the intrinsic challenge for the optical gas sensing is that the 
interaction between the small gas molecules and photons are too small. One way to solve 
this issue is to utilize the enhanced interaction of the molecules with near-field light in 
photonic and/or plasmonic resonant devices. The photonic/plasmonic structures enable 
strong light confinement in the nanoscale devices, and the evanescent decaying near field 
light energy bound within sub-diffractive spaces makes the optical resonators very 
sensitive to the refractive index changes of the surroundings [47]. Two of the best-known 
plasmonic and photonic devices are surface plasmon resonance (SPR) sensors and 
microring resonators (MR). 
 Most typical SPR sensors utilize a thin metallic film that has one side exposed to 
an analyte solution while the other side faces a glass prism (Fig. 1.2.2a) [48]. The SPs, 
light-excited collective oscillation of free electrons in metals, are excited by shining a 
laser or LED into the prism at an angle from behind it. The efficiency of SP excitation 
relies on the incident angle of the light and the refractive index of the surroundings due to 
momentum matching. This dependence of the SP’s resonance on the incident angle 
enables determination of the refractive index of the surroundings, finding the single angle 
that gives the SP resonance peak. When the surface adsorption of target molecules 
changes the surrounding’s index, this angle that provides the SP’s resonant peak shifts, 
allowing for molecular detection. On the other hand, the MR-based sensors are similar to 
the SPR sensors since it also monitors its resonance wavelength shift due to the molecular 
absorption. In the MR device, light can be coupled to this ring resonator through 
evanescent coupling from a straight waveguide nearby (Fig. 1.2.2b) [49]. At a resonant 
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wavelength of the ring resonator, light can be confined in the ring structures and keep 
circulating inside it. Because such photons at this wavelength cannot escape the resonator 
and will be lost there, the transmission spectrum from the straight waveguide shows the 
complementary resonant dip. When the surface absorption of target molecules changes 
the surrounding’s index, this resonant wavelength shifts, enabling molecular detection. 
 

 
Figure 1.2.2 Refractive index change-based optical sensors. (a) In surface plasmon resonance sensors 
(SPR), the refractive index of the surroundings due to the molecular absorption can be detected in the shift 
on incident angles that provides the most efficient SP excitation and consequently the smallest reflection 
intensity at detection. (b) In the ring resonator, its resonant frequency shifts with the change in refractive 
index due to molecular absorption on surfaces. In both cases, the change of the resonant frequency of the 
devices is translated as the concentration of molecules detected. 
 
The SPR sensor is simple and cheap. The intrinsically enhanced interaction of the surface 
waves and the surface events makes it highly sensitive in a real-time and label-free 
manner [48]. However, its sensitivity is intrinsically limited by the high ohmic loss in the 
metals, which significantly degrades the quality factor, Q, making it difficult to 
distinguish the resonance peak wavelength and its shift [50]. On the other hand, the MR 
sensors can retain significantly high Q and have achieved reliable single biological 
molecule sensing, though their fabrication is expensive and their complex measurement is 
not practical for real applications. Moreover, these sensors are relatively large, and their 
surface-to-volume ratio is limited because the dimensions of such dielectric cavity are 
intrinsically limited by the diffraction of light [51]. As a result, even with these high Q 
resonators, it is still a challenge to directly detect the small gas molecules. 
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Fluorescent Polymer Sensors 
A series of fluorescent polymers have been utilized for detecting nitroaromatic 

explosives via various transduction schemes [43, 52-55]. Many nitroaromatic explosives 
such as trinitrotoluene  (TNT) and dinitrotoluene (DNT) are electron deficient and can 
efficiently quench luminescent polymers via electron transfer, enabling the continuous 
detection of such explosives (Fig. 1.2.3).  

 

 
Figure 1.2.3 Conjugated polymer-based nitroaromatic explosive sensing. (a) shows the standard 
fluorescence process, where UV excites the electron in fluorescent polymer molecules; after relaxation, it 
goes back to the ground state by emitting the fluorescent photon. (b) shows the process of quenching due to 
the binding of nitroaromatic explosive molecules, where the excited photon goes to the quenching process 
via electron transfer through the quencher molecule, and it eventually returns to the ground state without 
photon emission. 
 
 Among various sensing devices, such fluorescent organic materials have emerged 
as one of the most promising platforms, first because it is simple and cheap. Due to the 
high porosity of polymer matrix, these materials can be sensitive. Furthermore, polymer 
chemistry allows for designing specificity to the target gas molecules and thus can 
provide ideal. On the other hand, its disadvantage is that all organic polymers are subject 
to significant photobleaching under strong excitation [42, 52]. This low photo-stability 
limits the device lifetime and ultimately the stability because it is difficult to obtain large 
signals (large signal-to-volume ratio) from the device.  

 
Surface Enhanced Raman Scattering (SERS) 

Raman scattering spectroscopy is an ideal technology because, in principle, each 
molecule has its own specific characteristic Raman spectrum. However, Raman is 
notoriously inefficient and inelastic with a very small cross-section (in the order of 10-30 
cm2, while fluorescence usually has a cross-section of 10-16 cm2), resulting in extremely 
weak signals. Signal enhancement is thus necessary for most practical Raman sensing 
applications, leading to advancement of important research areas of surface-enhanced 
Raman scattering (SERS). SERS essentially utilizes metallic nanostructures where 
excitation of localized surface plasmons causes extraordinary enhancement of electric 
field, drastically improving the Raman signal detection. One common approach for 
achieving such high enhancement is to use aggregated colloidal metallic nanoparticles. 
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So-called hotspots at the narrow gaps between the particles create the highly enhanced 
local electric field, E, leading to a strong (∝ E4) SERS signal. The enhancement factor of 
these hot spots can reach up to 1014, enabling detection of single biomolecules in a 
solution [56, 57]. SERS-based direct detection of gas molecules is also becoming 
important. 
 One of the major disadvantages of SERS detection is its low reproducibility and 
efficiency due to the stochastic nature of nanoparticle aggregation. First, strong hotspots 
have relatively low probability of occurring by random aggregation. Second, even when 
using the same aggregate, the target molecule’s adsorption is random. As a result, 
although SERS is very powerful in determining the target’s presence or absence, it is not 
easily able to quantify detection results, such as the concentration of the vapors. Recent 
efforts demonstrated a variety of more reliable SERS substrates, leading to the 1010 
Raman enhancement factors [58-61], but achieving 1014 is still challenging with current 
technologies. Another challenge of the SERS gas sensing is that the affinity of gas-phase 
molecules with metallic surfaces is not as strong as that in water. In most demonstrations, 
the detection procedure requires preparation of thin liquid layers on the SERS structures 
to achieve sensitive detection [62, 63]. This laboratory procedure limits the practical gas-
sensing applications such as those at houses for health care purposes and at battlefields 
for security purposes. 

 
1.2.2 Challenge and Scope of Dissertation Work 

In summary, due to the intrinsically small interaction of light with small gas 
molecules, further research was required to enhance the sensitivity for optical gas 
sensors. The conventional approach required large amounts of (or compressed) gas to 
increase signals. Recent works utilized the photonic and plasmonic sensors to enhance 
the interaction of near-field light with the molecules, or adopted the novel electro-
optically sensitive organic polymers. Despite rapid advancements of the optical gas 
sensors, detecting targeted molecules in the gas phase at high sensitivity with high 
specificity is a remaining goal for the large sensing community. Especially, optical 
detection of explosive molecules such as trinitrotluen (TNT) and di-nitrotluene (DNT), 
which have low vapor pressures and are diluted at sub-ppb level in the practical 
situations, has not yet been achieved. In chapter 3 of this dissertation, I will introduce a 
novel active plasmon lasing nanosensor that essentially combined the strength of 
photonics/plasmonic devices and electro-optical change in material properties. The sensor 
demonstrated sub-ppb detection of DNT in the gas phase with selectivity attributed to the 
electron deficiency of explosive molecules. 
 
 
1.3 Optical Bio-imaging 
 
1.3.1 Introduction and Summary of Existing Methods 

Optical imaging is the collection of optical sensing over a spatially organized 
matrix. Optical bio-imaging has played a central role in the progress of modern biological 
and medical sciences. Absence/presence and spatial and temporal locations of molecules, 
cellular morphologies, tissue organization and dynamics—and many other important 
aspects of biological systems—were uncovered through the use of modern microscopies. 
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Each technique reveals an important aspect of biological phenomena via different 
interactions with light.  

 
Classical Microscopy 

The most fundamental interaction process of light with matter is transmission, 
absorption, and scattering (reflection) [64]. The most widely used standard microscopes 
utilize these processes, including bright-field microscopes and dark-field microscopes, 
which allow the user obvious advantages in terms of simplicity. By engineering the 
illumination and detection aspects by utilizing ray optical tricks, one can enhance the 
contrast of the optical information carried from the biological specimen with polarized 
light, phase contrast, and differential interference contrast microscopy. Each development 
of these microscopies brought in evolutional progress in the modern biological research. 
However, as the biological matter of interest becomes smaller, it becomes increasingly 
challenging to specifically image them because the light interaction with the individual 
natural biological molecules is too small to allow observation of their shadows or 
scatterings. Also, the different kinds of molecules typically demonstrate no 
distinguishable optical differences for observers. Moreover, the huge types of biological 
molecules are crowded in the micron scale compartments of cells, and the diffraction 
limits of light become an inevitable problem. 

 
Sensors: Fluorescence and Scattering Labels 

One way to achieve molecularly specific optical imaging is to label an optical 
sensor that converts the information (presence of specific molecules) to the optical 
signals. Among such sensors, fluorescent organic dyes or genetically encoded fluorescent 
proteins are essential tools for current molecular biology and medical technologies due to 
a large number of available fluorophores and the intrinsically high signal-to–background 
noise ratio [64, 65]. The fluorescence imaging technique evolved into various advanced 
methods whose images can provide important biological information at higher resolution, 
higher contrast, high speed, or with an increased number of colors. Particularly, the high-
contrast imaging provided by optical sectioning methods such as laser scanning confocal 
microscopy and selective plane illumination microscopy has become increasingly 
important for imaging the large volume of samples such as animal tissues and brains [66-
71]. The recently initiated brain-mapping project by the U.S. government provided 
motivation for faster and more convenient optical sectioning methods, which will be 
explained more in chapter 4 of this dissertation.  
 On the other hand, fluorescence imaging has several drawbacks: (1) the emission 
spectrum of fluorescence is typically so broad that the number of detectable colors in the 
image is limited [74]; (2) all organic fluorophores undergo significant photobleaching 
[75-77]; (3) attaching fluorophores to biological molecules can disturb their normal 
functions [78]. These drawbacks have been the motivation for the development of other 
imaging techniques. 
 A popular approach to overcoming the limitations of fluorescence imaging is the 
use of plasmonic nanoparticles such as gold and silver [79-82]. These particles can be 
resonant under the illumination of visible light and elastically scatter the light back to 
observer much stronger than biological objects can, providing high signal-to-noise ratio. 
There is no photobleaching issue for these scattering processes. Furthermore, recent 
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efforts have enabled many possible ways for target-specific attachment of these 
nanoparticles to expand the potential in biological research. However, these plasmonic 
particles are relatively larger (order of tens of nanometers) than those of organic 
fluorophores and biological molecules (order of several nanometers). Thus, they can have 
a much higher risk of disturbing the biological process. Another issue is that metallic 
nanoparticles can easily and randomly aggregate by themselves, and many kinds of 
biological molecules with cysteine groups may adhere to them too easily.  

 
Figure 1.3.1 Fluorescence and Scattering. In the fluorescence process (a), an electron in the fluorophore 
is excited by light and, after relaxation, it goes back to the ground state by emitting a fluorescent visible 
photon. In the nanoparticles’ case (b), it is an elastic scattering process such that they scatter back the 
photons whose color is the same as that of the excitation photons. 
 
Nonlinear Imaging 

Each molecule inherently contains molecular fingerprints such as unique 
vibrational, rotational, and other low-frequency modes [83]. With the rapid, rich 
understanding in the nonlinear optical phenomena for the last decades, it has become 
possible to read out these fingerprints in a direct optical manner without any labeling 
sensors. Although the currently best-known non-linear imaging method is maybe the two-
photon excitation microscope—still a fluorescence imaging method enabling imaging of 
living tissue up to a very high depth of close to one millimeter [84-86]—I foresee that 
emerging label-free nonlinear microscopies able to observe the low frequency modes will 
make a large impact on the wide range of biological and biomedical communities. Good 
examples are founded in Raman spectroscopy, including microscopies based on Coherent 
anti-Stokes Raman spectroscopy [87-89] and Stimulated Raman Spectroscopy [90] 
(example processes shown in Fig. 1.3.2). These innovations employ multiple photons to 
address the molecular vibrations and can efficiently produce nonlinear signals without 
any labels.  
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Figure 1.3.2 Energy-level diagram depicting the electronic states involved in the Raman process and 
coherent anti-stoked Raman scattering (CARS) (b). In the Raman process (a), excitation laser light 
interacts with molecular vibrations and other modes at lower frequency modes, causing the energy of 
scattered laser photons to shift up or down. This shift corresponds to the vibrational modes in the system 
whereas the IR absorption spectroscopy (see chapter 1) yields complementary information. Because this 
Raman scattering occurs rarely, detection signals close to the laser wavelength due to elastic scattering are 
strictly filtered out. In the CARS process (b), multiple photons are employed to address the molecular 
vibrations and to produce a coherent signal. Consequently, CARS can generate signals that are several 
orders of magnitude stronger than those of spontaneous Raman emission. The CARS process requires 
three laser photons: a pump beam of frequency ω!"#!, a Stokes beam of frequency ω!"#$%&, and a probe 
beam at frequency ω!"#$%. These beams interact with the sample and produce a coherent optical signal at 
the anti-Stokes frequency (ω!"#$% + ω!"#! - ω!"#$%&). When the frequency difference between the pump 
and the Stokes beams (ω!"#! - ω!"#$%&) matches the frequency of a Raman resonance, the anti-
Stokes signal is resonantly enhanced.  

There is no doubt that these emerging nonlinear, label-free imaging technologies 
hold great potential. However, the intrinsic limit is its highly inefficient process. Indeed, 
the small spontaneous Raman scattering cross-section results in signals that are several 
orders of magnitude weaker than fluorescence-based methods. As a result, a very 
expensive, high-power pulsed laser is needed to efficiently observe the nonlinear signals. 
Although the use of metallic nanoparticles to enhance these small Raman signals, 
surface-enhanced Raman spectroscopy, is promising for the detection of molecules, their 
adverse interference with biological processes is not preferable for bio-imaging. 
Although this process is advancing, researchers need to find a way to reduce cost and to 
further improve signal generation. 
 
1.3.2 Challenge and Scope of Dissertation Work 

In summary, although classical microscopies are the basis for modern 
microscopies and nonlinear imaging extracts most molecular fingerprints, fluorescence 
imaging techniques play the most influential role in the recent discoveries of biology and 
medicine. The apparent advantage of fluorescence imaging is that it enables efficient 
extraction of structural and molecular information at higher temporal and spatial 
resolutions. To enhance this capability, an essential requirement is to efficiently collect 
the needed signals while rejecting un-needed signals as noise. Optical sectioning 
microscopes are the best examples. In chapter 4 of this dissertation, I will introduce a 
novel axial plane microscope and further its application as an optical sectioning 
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microscope. Essentially, my work realized the selective plane illumination microscopy 
with a single objective lens near the sample, and demonstrated the three-dimensional 
fluorescence imaging of auto-fluorescent pollens and stained mouse brain sections. 
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Chapter 2 
 
Nanoscopic Object Manipulations 
 
2.1 Lipid Bilayer-Integrated Optoelectronic Tweezers for Nanoparticle 
Manipulations 
 
2.1.1 Introduction to Optoelectronic Tweezers (OET) 

As mentioned in section 1.1, there is still no technology capable of generating 
sufficient force over individual microscale objects in large fields with high resolution. 
While the conventional optical tweezers revolutionized the biophysics research [1-2], the 
high optical intensity required for trapping small particles has been problematic. To 
address this issue, the recently developed optoelectronic tweezers (OET) elegantly 
combined the advantage of OT with electrode-based dielectrophoresis (DEP) [3-9]. OET 
provides optically controlled manipulation at the single-particle level. It is a dynamic, 
reconfigurable, minimally invasive tool capable of massive parallel manipulation. This 
section will explain the operating principle and challenges of OET. 
 In OET, light patterns are projected onto a photosensitive semiconductor substrate 
to form “virtual electrodes” that concentrate the electric field when an external a.c. bias is 
applied, similar in function to a lightning rod. The resultant nonuniform electric fields 
interact with the induced dipole moments in the particles. This interaction results in the 
DEP forces, F!"#, expressed as follows: 
 

F!"# t = 2πr!ε!Re[K∗(ω)]∇(E!"#! ) (2.1.1) 
 

which is the same as the earlier equation (1.3) [6]. In essence, in the alternating 
nonuniform electric field, the particles are either attracted or repelled by the DEP force, 
depending on the CM factor’s sign. The CM factor is defined in the same way as in 
Section 1.1.1. The use of virtual electrodes with OET simultaneously enables both 
dynamic optical addressability and large forces at low-light intensities (~1 W/cm2) to 
achieve massive manipulation of microspheres and biological cells [3]. 
 Despite OET’s versatility, manipulating nanoscale objects remains a challenge 
because smaller particles experience a weaker DEP force; the force is proportional to the 
particle volume (equation 2.1.1). Furthermore, nanoparticles subject to larger Brownian 
fluctuations can easily escape from the potential trap because the DEP force decreases 
rapidly in distance from the photoconductive channel with the decreasing gradient of the 
squared electric field. Efforts have been made to address this issue by operating the OET 
device at a lower a.c. frequency (<10 kHz), where the light-induced a.c. electro-osmosis 
and/or electro-thermal flow [7] is utilized to concentrate and immobilize the nanoscale 
objects [13]. Yet, due to the intrinsic difficulty of controlling the 3D fluidic flows and the 
particles’ irreversible immobilization onto surfaces, the reversible manipulation of 
nanoscale objects remains challenging. 
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2.1.2 Introduction of Lipid Bilayer and Its Integration with OET 
My plan is to integrate a supported lipid bilayer (SLB), an ultrathin (~5 nm) 2D 

fluid, and the OET for parallel manipulation of nanoparticles. The SLB continuously 
covers the whole photoconductive substrate and confines the motion of nanoparticles 
tethered to the membrane in extreme vicinity of the substrate (Fig. 2.1.1a). Because the 
electric field strength most significantly changes near the substrate surface, the SLB 
integration ensures that large DEP forces can be applied to the particles (Fig. 2.1.1b). 
Using this approach, I have demonstrated the dynamic, reversible, and parallel 
manipulation of hundreds of gold nanoparticles (< 60 nm) in 2D space [14]. 
 

 
Figure 2.1.1  Optoelectronic tweezers integrated with a supported lipid bilayer (SLB). (a) shows the 
schematics of an experimental setup. A transparent ITO electrode and a photoconductive (hydrogenated 
amorphous silicon) electrode sandwiched an aqueous solution. By projecting light patterns from the DMD 
onto the photo-conducting layer and applying an a.c. electrical bias at the same time, the photo-induced 
“virtual electrodes” create dielectrophoretic traps in the illuminated areas. An SLB with 5 nm thickness is 
formed on the silicon surface, retaining lateral fluidity. (b) Due to the two-dimensional confinement 
defined by the SLB, tethered particles diffuse only in lateral directions in the extreme vicinity of the 
photoconductive substrate surface. This configuration enables the efficient application of the light-induced 
DEP force onto the particles because the field strength changes most significantly at the photo-activated 
surface, and the dielectrophoretic force is thus the strongest there. 
 
Supported Lipid Bilayer (SLB) 

SLB is a planar lipid bilayer structure sitting on a planar substrate, unlike a 
vesicle or a cell membrane in which the lipid bilayer is rolled into an enclosed shell [15]. 
In water, due to the intrinsic amphiphilic property of individual lipid molecules, lipids 
form its bilayer structure by facing the hydrophilic heads toward water. In the SLB, the 
upper face of the bilayer is exposed to a free solution while its lower faces the supporting 
substrate with a thin (~ 1nm) separation of a water hydration layer. In the two-
dimensional space defined by the SLB, the individual lipid molecules can maintain their 
natural diffusivity in lateral directions. An important advantage of the SLB is its stability; 
it remains largely intact even when subject to fluid flows above it or to vibration, and the 
presence of holes will not destroy the entire bilayer. Like other lipid bilayer structures, 
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the SLB is inherently biocompatible and provides environments retaining the function of 
the membrane proteins that play crucial roles in cellular functions and have thus been 
main targets of drug discoveries [16-18].  

 
2.1.3a OET Fabrication 

In the fabrication of OET used for the SLB integration, glass cover slips (Fisher 
Scientific, Pittsburgh, PA) were first cleaned with piranha solution (3:1), concentrated 
sulfuric acid/30% hydrogen peroxide, for 10 min, thoroughly rinsed with deionized (DI) 
water, and then dried by a stream of nitrogen. A 50 nm of ITO layer was then sputtered 
on the cleaned glass cover slip (Edwards), and a 200 nm of hydrogenated amorphous 
silicon layer (a-Si: H) was deposited on the cover slips using plasma-enhanced chemical 
vapor deposition (PECVD, Oxford2). The hydrogenation during the plasma-enhanced 
chemical vapor deposition of the a-Si effectively reduced the probability of potential 
defects and consequently prevented creation of pinholes, enabling OET operation even 
with 50 nm of the photoconductive a-Si layer (data not shown). Also, after the deposition 
by PECVD, the a-Si: H layer was slowly cooled down in the nitrogen-filled PECVD 
chamber to prevent pinhole creation. Just before the SLB formation experiment, the a-
Si/ITO substrate was cleaned with a 1:1:5 RCA solution of NH4OH (ammonium 
hydroxide) + H2O2 (hydrogen peroxide) + H2O (water) at 80 °C for 15 minutes to oxidize 
the substrate surface, allowing it to become highly hydrophilic (SiO2), followed by a 
thorough rinse with deionized water and a drying with nitrogen.  
 
2.1.3b Formation of SLB in OET and Its Characterization 

The first step toward SLB integration with OET was to confirm the SLB 
formation in the OET. When properly formed, the supported phospholipid-membrane 
retains the lateral fluidity necessary for the dynamic particle manipulation. The integrated 
OET device in this work consists of an aqueous solution sandwiched between two flat 
electrodes: one side is 200 nm in thickness and consists of a hydrogenated amorphous 
photoconductive silicon (a-Si) layer deposited on top of 100 nm of an indium tin oxide 
(ITO) layer. The other side consists only of the 100 nm of ITO layer. Again, before 
experiments, the surfaces of the device substrates were rigorously cleaned with the 
strongly oxidizing solution.  
 The SLB was then formed on this hydrophilic, oxidized a-Si surface using a 
vesicle fusion and rupture method [19, 20]. Briefly, first, a suspension of small 
unilamellar vesicles (SUV) was made by drying the lipid solution in chloroform in a 
round-bottom glass flask and then dispersing the dried film in a PBS buffer by sonication. 
Finally, the solution was passed through 60 nm polycarbonate membrane filters (Avanti, 
Alabaster, AL) 10 times using a mini-extruder (Avanti, Alabaster, AL). The lipids used in 
this experiment consisted of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Avanti 
Polar Lipids, Alabaster, AL) doped with 1 mol % Oregon Green 488 DHPE (1,2-
Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Invitrogen, Carlsbad, CA). The 
SUV suspension was mixed at 3:1 (v/v) concentration with phosphate-buffered saline 
(PBS, pH 7.4; 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl), and 50 
µL of the resulting solution (1 mg/mL) was placed onto the a-Si device. After 15 min 
incubation, the photoconductive substrate was immersed in excess DI water to remove 
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excess SUVs. All procedures were performed without exposing the device surface to air 
to prevent damage to the formed SLB [21]. 
 The SLB formation SLB and its maintained lateral fluidity were confirmed by 
fluorescence recovery after bleaching (FRAP) using a home-built confocal microscope 
[22, 23]. In this membrane characterization experiment, another glass cover slip was 
placed on the solution on top of the SLB/a-Si. In the FRAP experiment, after 
photobleaching a 10 µm spot with concentrated laser exposure, I took time-sequential 
fluorescence images of the membrane. The average fluorescence intensity of the bleached 
spots exhibited rapid recovery due to the lateral diffusion of fluorescent lipids in the fluid 
membrane (Fig. 2.1.2a). The recovery data was analyzed using easyFRAP, an open-
source software written by MATLAB [24]. Fitting this intensity curve to five samples 
with a theoretical curve provided their diffusion coefficient, estimated as 8.9 µm2/s (Fig. 
2.1.2b). The measured diffusivity was very similar to that of phospholipids on a clean 
glass cover slip [25, 26], confirming the maintained membrane fluidity on the fabricated 
a-Si surface. 
  
 

 
Figure 2.1.2 Fluorescence recovery after photobleaching (FRAP) experiment. (a) time-sequential 
fluorescence images of the SLB formed on the amorphous silicon surface, taken by confocal microscope. 
The center spot was photobleached with a focused strong laser, and the recovery in its average fluorescence 
intensity was continuously monitored. The resultant rapid recovery confirmed the maintained fluidity of the 
lipid membrane on the OET device. Scale bar is 20 µm. (b) Plots are the normalized average fluorescence 
intensity of the bleached spot versus time. 
 
2.1.3c Imaging Setup and Analysis Method 

In the following experiments, gold nanoparticles (Au-NPs) tethered on the SLB 
were optically imaged. In the optical setup shown in Fig. 2.1.3, light from a 100 W 
halogen lamp passed through a narrow band path filter (546 nm ± 5 nm) was used for 
illumination and reflectively applied to sample through an objective (40x, NA = 1.0, 
water immersion, Carl Zeiss, Germany) in an upright microscope (Carl Zeiss). A normal 
CCD camera (Andor Technology, UK) was employed for imaging membrane-tethered 
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Au-NPs. The motion of the Au-SPs was mapped with interferometric scattering 
detection. In essence, the light fields scattered by the object (!!"#) and the light reflected 
by the a-Si substrate (!!"# ) cause interference, producing signals proportional to 
!!"# !!"# cos!, where ! denotes the phase difference between the two light fields [27, 

28]. This interferometric method provides a high-contrast image of the particles. 
Furthermore, this interferometric effect is sensitive to the distance between the particles 
and the reflective surface of a-SI, effectively removing the background noise from 
unbound objects. This setup enables taking time-lapsed images of the laterally diffusing 
particles at every 50 ms for more than 3,000 frames. The particles’ trajectories were 
collected from the recorded images using the ImageJ program, and MATLAB analyzed 
their statistics. 
 

 
Figure 2.1.3 Imaging setup for interferometric scattering detection of the nanoparticle with an 
inverted optical microscope (not to scale). With monochromatic illumination applied to the sample, both 
backscattered light from nanoparticles and reflected light from the silicon surface were collected, 
generating a high-contrast image of the nanoparticle.  
 
2.1.3d Characterization of Membrane-Tethered Nanoparticles 

To characterize particles’ diffusive behavior, I chemically tethered the gold 
nanoparticles to the SLB-containing thiol-ended lipids and confirmed their confinement 
to (2D) Brownian motion. The SLB used in the following experiments was a mixture of 
96 mol % of DOPC and 4 mol % of thiol-ended lipids, PTE-SH (1,2-dipalmitoyl-sn-
glycero-3-hosphothioethanol, Avanti, Alabaster, AL). This PTE-SH yields thiol-
anchoring groups for selectively tethering the gold nanoparticles to the SLB [29, 30].  
 The 2D Brownian motion of the SLB-tethered nanoparticles was optically 
mapped and confirmed by interferometric scattering detection, which provides 
sufficiently high-contrast images for tracking particles’ trajectories (Fig. 2.1.3 makes 
Fig.2.1.4). Fig. 2.1.4a shows an example trajectory of a single particle, taken by 20 Hz 
for 350 frames. Continuously constant intensity of the particle in the time-lapsed images 
confirmed the constant distance from the reflective a-Si surface and the 2D confinement 
of the particle’s motions on the lipid membrane. The mean square displacement (MSD), 
obtained from 3,000 frames of the trajectories of each 30 particle showed a linear 
increase with slope = 1 (Fig. 2.1.4b), confirming the diffusive motions of the tethered 
particles. With the general law of random diffusion,! ∆!! = 2!∆!, the lateral diffusivity 
of the particles from the MSD was estimated as 0.280 µm2/s. On the other hand, the 
diffusivity of the same-sized particle (60 nm) in bulk water can be estimated as 
! = !!! 6!"# = 7.31 µm2/s, wherein !  is the fluid viscosity, !!  is the Boltzmann 
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constant, and ! is the room temperature at 298 K. The measured particles’ diffusivity was 
an order of magnitude smaller than that of particles in bulk water due to the viscous 
environment and the 2D confinement imposed by the fluidic SLB [31].  

 
Figure 2.1.4. Two-dimensional Brownian motion of 60 nm gold nanoparticles tethered onto the 
SLB/a-Si. (a) The Brownian motion of the tethered nanoparticles tracked with its constant light intensity 
confirmed that the distance between the particles and amorphous Si-surface was maintained. (b) The mean 
square displacement (MSD), averaged from the trajectories of the 30 tracked particles, linearly increased 
with time at slope = 1, confirming their diffusive behavior. The measured diffusivity estimated from the 
MSD was 0.28 µm2/s. Here the formed SLB was mixture of 96 mol % of DOPC and 4 mol % of a thiol-
ended lipid, PTE-SH.   
 
2.1.4 Results: Demonstration of Particle Manipulations 
Finally, the manipulation of SLB-tethered nanoparticles in the OET is demonstrated. In 
the OET operations, a.c. bias of 10 V p.p. at 100 kHz was applied between the top and 
bottom ITO layers with a functional generator (GFG-8219A, GW Instek, Taiwan). 
Simultaneously, the photoconductive electrodes were activated using an orange C.W. 
laser at a wavelength of 594 nm and at intensities of ~5 W/cm2. This excitation light was 
reflectively patterned to the sample using a digital micromirror device (DMD, Texas 
instruments, TX, USA) and through a 40x water immersion lens in an upright optical 
microscope. In parallel, silver glue was used to make electrical connections from the 
device to cables, where the a-Si layer was partially scratched to allow direct contact 
between the underlying ITO and the cable. Finally, the counter electrode of ITO was 
placed with a spacer tape (3M) and OET was operated.  
 For this experiment, the gold nanoparticles were tethered by placing the Au-NP 
solution on the SLB/a-Si surface and incubating them for 1 hour. After rinsing off the 
unbound particles with DI water, the resultant sample was submerged in a 1 % PBS 
buffer in DI water. 
 Fig 2.1.5a shows the overlapped image of a projected light pattern and randomly 
distributed tethered gold nanoparticles of 60 nm  in diameter. As seen in Fig. 2.1.5a to 
Fig 2.1.5c, the OET effectively applied the light-induced DEP forces onto the particle and 
moved them into the light pattern. The histogram shown in Fig 2.1.5d displays time 
evolution of the particle distribution under the OET operation, confirming the successful 
collection of particles toward the projected light pattern. After turning off either the 
applied a.c. bias or the light projection, the DEP forces disappeared and the particles 
recovered their free (tethered) 2D Brownian motion. In contrast to the low frequency 
operation, which can induce electrokinetic flows and/or particle aggregation onto the a-Si 
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surfaces, the SLB-assisted process was reversible and dynamically controllable due to the 
fluidic property and the 2D confinement provided in the SLB. 
 To my knowledge, the well-controlled, reversible manipulation of nanoscale 
particles has been difficult for the conventional OT and OET techniques. Our approach 
realized it with following advantages: (1) 2D confinement of particles’ diffusion imposed 
by the SLB enables efficiently applying the strong light-induced DEP force near the 
photoconductive surface; (2) the SLB prevents nonspecific and irreversible binding of the 
particles onto the device substrate; and (3) the high viscosity of the SLB makes particles 
resistive to the ionic fluid flow above the electrode surface.  
 

 
Figure 2.1.5  Manipulation of the nanoparticles tethered to the fluid SLB using the OET. (a-c) are the 
time-sequential images (B/W inverted for visualization) of the gold nanoparticles, showing that they were 
successfully trapped into the projected light pattern shown in (a). After turning off either the a.c. bias or 
light pattern projection, the particles were released from the DEP forces and recovered their free (tethered) 
2D Brownian motion. (d) Particle distribution under the OET operation, which was normalized by the total 
number of particles in a section in each image (defined with dashed lines). The time-dependent distribution 
confirmed the collection of the nanoparticles into the projected light pattern. 
 
 Simply by decreasing the frequency from 100 kHz, our configuration enables 
manipulation of even smaller particles using the electro-osmosis effect. However, we 
found that operating the device at a frequency lower than 20 kHz can induce instability of 
the supported bilayers. Also at the low frequency, interestingly, continuous monitoring of 
the fluorescently labeled membrane showed the production of many uniform lipid 
vesicles from the area illuminated (data not shown). This is similar to a commonly known 
vesicle production process, electroformation [32]. This finding may lead to the 
development of a new method that can generate vesicles production from a targeted area 
in the SLB on demand. 
 In addition, interestingly, I noticed that not all the tethered nanoparticles kept 
showing the infinitely continuous diffusion. Some of them temporally trapped on the 
membrane but, after seconds, they restarted the normal 2D diffusion. This kind of 
behavior, seemingly different diffusive process co-exists in the single trajectory, has 
recently attracted scientific interest, categorized as non-Brownian motion [33-35]. While 
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our configuration can be interesting platform for studying this, in this work, we 
intentionally omitted those temporally trapped particles from the MSD analysis (Fig. 
2.1.4b) for characterizing the kinetic property of the tethered particles. 
 
2.1.5 Summary and Future Directions 
  In summary, the integration of the supported lipid bilayer with optoelectronic 
tweezers was proposed and experimentally demonstrated, enabling 2D manipulation of 
many nanoparticles in desired patterns. The capability of manipulating nanoparticles as 
small as 60 nm diameters holds great potential for controlling many particles 
simultaneously for the study of various 2D physical systems and underlying Brownian 
mechanics. The DEP force maximized at the 2D membrane surface can be used to 
controllably fractionate and/or sort the small objects with high selectivity [36-38] and to 
transport a number of nanoparticles to in vitro cells as drug vehicles [39-40]. Moreover, 
because the lipid bilayer is an essential component of biological cell membranes, the SLB 
has been extensively used with living cells to mimic cell-to-cell interfaces for the study of 
intercellular interactions [41-42]. Through the nanoparticles tethered on the SLB, our 
technique will facilitate the research of mechanotransductions and molecular sensing at 
the cellular interface in the near future. 
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2.2 Optoelectrophoresis in Nanofluidics 
 
2.2.1 Motivation 

The purpose of this work is to realize optic manipulation of truly small biological 
molecules. Technologies that enable optically trapping, accumulating, and sorting of 
biological molecules with high spatial control are invaluable for a wide field of 
biophysics research and biomedical sensing applications. In the previous sections 
(Sections 1.2 and 2.2), I have investigated and experimentally demonstrated the optics-
based particle manipulation techniques. Both optical tweezers and optoelectronic 
tweezers are very powerful, but it is still practically impossible to manipulate biological 
molecules with much smaller dimensions than the typical inorganic nanoparticles and a 
smaller index contrast with water [1]. While fluidic [2] and electrostatic [3, 4] methods 
can move a large number of small molecules such as proteins and a small fraction of 
DNAs at bulk scales, no technology exists to manipulate the molecules at good 
addressability. In this exploratory work, I utilize the SLB/OET system previously used in 
Section 2.1 to show the potential of the novel concept optoelectrophoresis in the 
nanofluidic scales. The SLB is used in this demonstration because the SLB is essentially 
a two-dimensional fluid that can remain below the electric double-layer thickness formed 
on the optoelectronic device surface. In this section, I will show the proof-of-concept 
manipulation of charged lipid molecules that have physical dimensions below 3 nm in all 
directions, which will lead to a more general breakthrough for creating the new field of 
optoelectronics in the nanofluidic scales. 
 
2.2.2 Introduction to Nanofluidics 

The nanofluidics research field studied and applied phenomena that involve 
fluid’s or particles’ motion through or past structures with features less than 100 nm in 
one or more directions [5, 6]. In this scale, unlike microfluidics that utilize pressure 
difference to drive the fluid flows, the fluids at the nanoscales are significantly affected 
by the property of the wall. Unlike the system at bulk scales, where ions in a solution are 
attracted to the wall surface to screen out the electrostatic potential after a so-called 
electric double layer (EDL with thickness of Debye length), the electric field can remain 
in the nanofluidic systems. This is because there is not enough space for the ions to 
screen the surface potential within dimensions smaller than the Debye length. Also, the 
imposed physical constraints induce the fluid to have very high fluidic resistance in a 
channel, high frictional interaction with the wall, and consequently increased viscosity. 
Thus, nanofluidics is essentially a surface fluidics [6]. 
 The enhanced electrostatic interaction is particularly important for a wide range of 
applications because the surface charge of the nanofluidic walls can be well controlled. 
One example is the nanocapillary array membrane (NCAM) [7-9]. The surface of NCAM 
contains surface charges and induces reorganization of ion distribution near the surface. 
This EDL may completely span the width of a nanopore, causing changes in the fluid 
composition and its property inside the structure. Inside the pore, the population of ions 
counteracting the surface charge significantly exceeds that of attracted ions. Such 
phenomena can be used for selectively manipulating charged molecules along the pore 
length to enable molecular sorting, which is not possible in larger structures. For 
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example, replacing the agarose gels used for DNA separations with nanostructured solid-
state materials is a goal of nanofluidic technologies [10-12]. 
 
Electric Double Layers and Free Energy between a Plane and Particles 

Surface charges at a solid interface are typically fixed such that an oppositely 
charged region of counter ions develops in the liquid to maintain the neutrality of the 
solid-liquid interface [6]. This screening region is called EDL. As mentioned in the 
previous section, the nanofluidic channel’s dimensions smaller than the EDL often play 
key roles in enabling unique functions of nanofluidic technologies. If the channel 
dimension is much larger than the EDL thickness, Debye length, there is no observable 
unique behavior of ions and charged molecules in the channel (Fig. 2.2.1a). If the channel 
opening becomes comparable to the Debye length, the surface charge of channel walls 
causes significant modification of ionic or charge molecules’ population inside the 
channel (Fig. 2.2.1b). In most cases, ions or molecules containing charges countering the 
channel wall’s charge can remain there.  
 

 
Figure 2.2.1 Schematic of electrical double layer (EDL), depicted as gradient red area. (a) At high ionic 
strength, it is very thin, such that all ions can almost freely pass through the nanochannel. (b) At low ionic 
strength, the EDL thickness expands over the nanochannel dimensions such that the channel becomes 
counterion-selective. 
 
The Poission-Boltzmann equation for the electrostatic potential induced by the modified 
distribution of charged ions or molecules near the fixed charge on the solid surface is 
given with second-order partial differential equation for distance ! as follows [6, 13, 14]: 
 

∇!! = !!!
!"! = − !

!!!!
!!!!!!!!!"(!)/!!!!  (2.2.1) 

 
where ! is the potential, ! is the charge of single electron, !! and !! are the vacuum and 
relative permittivity, and !! is the bulk volume density given with !! = 1000!!!!, where 
!!  is the molar concentration of ions or molecules. Assuming the potential is small 
enough everywhere and expanding the exponential term in equation (2.2.1) leads to the 
Debye-Huckel approximation [6]:  
 

∇!! = !!!
!"! = κ!! (2.2.2) 
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 (2.2.3) 

 
where κ is the Debye-Huckel parameter and is mainly dependent on !! and the Debye 
length is given as !! = κ!!, simplifying the estimation of EDL thickness with varied 
solute concentrations. For example, !! is below 1 nm at high ion concentration of KCL 
solution at 1 M, while !! is around 100 nm at low ion concentration of KCL solution at 
10-5 M. Thus, the EDL at such low concentrations expands to fill the nanofluidic device’s 
opening to cause its unique phenomena. 
 
2.2.3 Nanofluidics-based Manipulation of Molecules and Particles 

Recent nanofluidic technology engineered the EDL thickness to achieve 
molecular sorting and nanoparticle trapping. For example, controlling the protein 
transport in the nanofluidic channel by a gate voltage Vg between the microchannels was 
demonstrated as shown in Figs. 2.2.2a and b. With the negative Vg, the positively charged 
protein can diffuse through the nanochannel, whereas the same protein is repelled with 
positive Vg [15]. A charged nanoscopic object’s trapping is demonstrated without any 
applied electrostatic energy. As shown in Fig. 2.2.2c, nanofluidic space is structured in 
channels made of glass that is intrinsically negatively charged. As a result, negatively 
charged nanoparticles or lipid vesicles experience repelling forces from the channel wall 
and are trapped in the space [16, 17]. 
 

 
Figure 2.2.2  Schematic of demonstrated nanofluidic devices. Nanofluidic control of protein transport by 
a gate voltage between the microchannels (a) and electrostatic fluidic trap with glass nanofluidic structures 
that have negatively charged walls (b). 
 
These demonstrated techniques are based on fabricated electronic structures or on the 
electrostatically fixed structures, and no one has ever tried to integrate them with 
optically controlled functions. 
 
2.2.4 Optoelectrophoresis in Nanofluidics 

The general concept of optoelectrophoresis in nanofluidic, shown in Fig. 2.2.3 can 
be understood in three steps: (1) light patterns locally excite the carriers inside photo-
conductive semiconductors; (2) the optoelectronic modification of semiconductor 
changes its surface charge distribution and consequently the electrostatic potential shape 
within the nanofluidic solution; (3) the created electrostatic potential generates 
electrostatic forces on the charge molecules or particles. In this work, the SLB is utilized 
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since the assembly of lipid molecules remains diffusive inside the electric double layer. 
When the SLB is composed of charge lipids and uncharged lipids, only charged lipid 
molecules will be inevitably affected by the surface charge redistribution induced by light 
illumination. This device actively enables the first optical control of biological molecules 
and potentially enables application of large electrostatic forces with applied bias. 
 

 
Figure 2.2.3 Schematic of optoelectophoresis in nanofluidics with an example system of a supported 
lipid bilayer membrane containing both fluorescent charged lipids and nonfluorescent neutral lipids. 
When light patterns locally modified the optoelectronic circuits in the OET device under dc bias voltage, 
they modified the surface charge distribution on the device surface and thus created electrostatic potentials 
within the EDL thickness. In the case of SLB, with either bias voltage or light patterns, there is no change 
in the electrostatic potential landscape (a) and (b). However, when both are applied at the same time (c), 
only the charged one will feel the optophoretic forces. The lipid membrane is an ideal environment because 
it can retain the fluidic environment in the 2D space near the substrate surface. 
 
In this experiment, in addition to the OET device demonstrated in Section 2.1, 
microfabricated gold electrodes were placed on the a-Si surface near the SLB area. 
Different from conventional OET devices, dc voltage is applied between the pre-
fabricated electrode on the a-Si layer and the ITO layer below the photoconductive a-Si 
layer. This configuration is favored because the presence of electrodes on the surface 
where the SLB sits allows them to share the same electric double layer. Within this same 
double layer, ions cannot screen the electrostatic potential created by the surface in all 
three dimensions. If the counter ITO electrode is used in the conventional manner, 
because the aqueous solution above the SLB is at bulk, ions can form a complete double 
layer such that the concept does not work.  
 The combination of charged fluorescent lipids and uncharged nonfluorescent 
lipids was used to form a single SLB on the a-Si surface of the OET device using the 
standard vesicle rupture method used in Section 2.1. The lipid membrane used in this 
experiment consisted of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Avanti Polar 
Lipids, Alabaster, AL) doped with 4 mol % Oregon Green 488 DHPE (1,2-
Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Invitrogen, Carlsbad, CA). While 
DOPC is neutral, the Oregon Green is negatively charged. The same FRAP experiment 
was performed as in Section 2.1 and confirmed retained diffusivity of 9.0 µm2/s. 
 The optical setup is similar to what was used in the previous section, 2.1, but is 
coupled with the normal fluorescence imaging system, consisting of excitation 
(ET470/40x) and emission (ET525/50m) filter and dichroic mirror (T495lpxr) for the 
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green emitting dyes (Fig. 2.2.2). This emission filter blocks the laser excitation at 594 
nm, enabling the fluorescence imaging during laser light patterning. The excitation light 
intensity used in the experiment was reduced because it should not affect the 
optoelectronic modulation of the surface charges. Before the manipulation experiment, I 
confirmed that the orange laser light illumination did not cause any detectable 
photobleaching. 
 
2.2.5 Result: Demonstration of Charged Lipid Manipulations 

In the manipulation experiment, 1V of dc bias voltage was applied between the 
electrode and the ITO layer and a laser spot was patterned on the a-Si layer using the 
DMD projector. 
 When a circular laser spot was projected in the SLB on the a-Si layer, containing 
both fluorescent charged lipids and nonfluorescent neutral lipids with applied bias in the 
device, the continuous increase in the fluorescence intensity in the laser-illuminated area 
was observed (Figs. 2.2.4a–e), confirming the dynamic rearrangement of charged lipid 
molecules. The original fluorescence imaging before applying the bias voltage was used 
as a reference. When the fluorescence intensity profile was plotted according to the x-axis 
shown in the Fig. 2.2.4a, the time evolution in the intensity profile was visualized as 
shown in Fig. 2.2.4f. When plotting the averaging fluorescence intensity of the center 
part of the laser spot with time in Fig. 2.2.4g, rapid intensity increase of close to 5 min 
was observed. The increase confirmed, again, the accumulation of the charged 
fluorescent lipids in the optoelectrically generated electrostatic potential well. After 5 
minutes, the plateau indicated that the total charge of the accumulated charged lipids 
reached the electrostatic charge induced by the optoelectronic device. The total 
concentration of fluorescent lipids was increased up to 20 times, which is one order of 
magnitude larger than the previous report, to our knowledge [19]. 
 Furthermore, to demonstrate the flexibility and potential of the concept of 
optoelectrophoretic manipulation of molecules, an arbitrarily formed light pattern was 
projected into the SLB/OET device. When the concentric light squares are projected (Fig. 
2.2.5a) onto the SLB that has uniform distribution of fluorescent charged lipids (Fig. 
2.2.5b), the induced electrostatic charge on the device surface drives the rearrangement of 
fluorescent lipids continuously (Fig. b-d). In this case, the bias voltage was applied 
oppositely such that the negatively charged lipids were driven away from the light 
patterns. The slightly inhomogeneous movement from the light pattern was most likely 
because of imperfect uniformity in the intensity over the whole light pattern and the 
original shape of the SLB itself. The applied bias was then released, resulting in the 
disappearing of the optoelectrically induced electrostatic charge from the device surface 
and recovery of free diffusion of charged molecules in the SLB, indicating the minimal 
photo-induced damage in the SLB. This recovery was observed in Figs. 2.2.5 e–f. The 
fluorescence image was taken every 1 min. This experiment thus successfully 
demonstrated the light-pattern–induced electrostatic generation in the optoelectronic 
device and optoelectrophoresis of charged molecules in the nanofluidic scales. 
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Figure 2.2.4 Concentration of fluorescent charged lipid molecules with patterned laser light spot in 
the optoelectronic device. (a)–(e) shows the time-sequential fluorescence image of the supported lipid 
bilayer containing both fluorescent charged lipids and nonfluorescent neutral lipids, demonstrating the 
increase in fluorescence intensity around the laser spot. (f) is the intensity profile along the x-axis shown in 
(a), and (g) is the average fluorescence intensity evolution versus time in the laser spot. 
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Figure 2.2.5 Dynamic manipulation of the fluorescent lipids in the SLB by simultaneously applying 
patterned light illumination and the dc voltage bias in the OET. (a) is the example light pattern used in 
the experiment. (b)–(d) is the lipid driving process with both light and voltage. After (d), the voltage bias 
was turned off, returning the lipids to free diffusion and resulting in the recovery of uniform fluorescence 
intensity distribution (d)-(f). 
 
2.2.6 Summary and Future Directions 

In summary, I provided a proof-of-concept demonstration of optoelectrophoresis 
at the nanofluidic scales by manipulating the fluorescent charged lipids within the 
supported lipid bilayer. Considering the significant potential applications in the SLB and 
membrane proteins that can be studied in the SLB, this technology has immediate 
applications in biological sensing and in the study of membrane proteins’ collective 
behavior in the natural environment. Moreover, the concept of optoelectrophoresis in the 
nanofluidic physical environment should be applicable in general. I foresee its significant 
importance in the general optics-based manipulation of truly small molecules and 
particles. As the electrophoresis is intrinsically free from the particles’ size limit, the 
method can generate larger forces on extremely small charged particles than the 
conventional optical tweezers and optoelectronic tweezers are capable of. This will 
enable optical study of single fluorescent molecules in a free solution in a flexible manner 
[20-25] and optical construction of nanomaterial-based structures such as dynamically 
reconfigurable optical metamaterials [26-28]. Moreover, the flexibility of light-patterned 
modification of electrostatic charges in the nanofluidic environment will open the 
opportunity for the optically reconfigurable nanofluidic circuits. One of the general 
hurdles for the nanofluidic device community is its small flexibility in designing 
electronic functions in the nanofluidic devices due to the intrinsic difficulty of its 
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fabrication and possible integration of electronic functions [29, 30]. Because the light 
pattern can be remotely and dynamically reconfigurable with high resolution at the 
diffraction limit (< 1µm), complex and dynamic imposition of electronic functions in the 
nanofluidic device will be possible, finding significance in the micro-total-analytical-
systems and beyond. 
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2.3 Plasmonic Brownian Ratchet 
 
2.3.1 Introduction to Nanomanipulation Using Near-Field Optics  
 
Photonics-based Particle Manipulation 

Trapping and transport of nanoscopic objects using photonics technology has 
become increasingly important for microfluidic and lab-on-a-chip applications [1]. 
Conventional optical tweezers have played important roles in biophysics [2-4] and soft-
condensed matter physics [5-7], while the trapping size is intrinsically limited by 
diffraction. As a result, it is still practically challenging to manipulate dielectric particles 
smaller than 100 nm because the optical tweezers’ trapping force is proportional to the 
third power of the particle’s radius. Because important particles such as biological 
molecules, viruses, and nanoparticles have sizes ranging far below 50 nm, there has been 
an unmet need for a more powerful photonic technology. To address this issue, near-field 
optical manipulation methods have advanced significantly over the last few years [8-9]. 
The fundamental difference of the near-field optical tweezers over the conventional 
method is that the former utilizes the evanescently decaying light wave that is a part of 
optical modes excited in fabricated photonic structures (Fig 2.3.1). Compared to the light 
propagating in air whose optical index is 1, the light can be much more tightly confined 
in the photonic devices whose optical index is typically very high [10-12]. This tight 
confinement generates rapid decay of the intensity of the evanescent waves, which in turn 
generates large optical gradient forces to trap small particles. Among the many 
demonstrations of these near-field devices, one promising approach is to utilize well-
established silicon waveguides because silicon waveguides have minimal absorption loss 
to the near-IR light, called an optical biological window due to small absorption in water, 
allowing us to confine and guide a huge amount of light energy. In 2009, Yang et al. 
utilized silicon waveguide structure to very tightly confine the powerful light energy and 
demonstrated manipulation of nanoparticles and relatively large DNA molecules that had 
diameters of > 100 nm [8]. Although it was a significant step, it is still challenging to 
achieve trapping of even smaller molecular because the index contrast of silicon with 
water is not large enough (i.e., tightness of the generated near-field energy was not 
enough). Alternatively, the field of plasmonic nano-tweezers has made rapid advances. 

 

 
Figure 2.3.1  Examples of traditional and near-field optical tweezing/trapping techniques, showing 
relevant forces. (a) Traditional single-trap free-space optical tweezers. (b) Dielectric waveguide based on 
the near-field optical trap. 
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Plasmonic Nanotweezers 
Plasmonic nanotweezers are nanofabricated metallic antenna structures that can 

store the light energy as localized surface plasmons (LSP), collective excitation of free 
electrons in metals excited by light [9, 13, 14]. The high index contrast of metals with the 
surrounding water results in the extreme energy confinement right down to deep sub-
wavelength scales (Fig 2.3.2) [15, 16]. This enhanced EM energy in plasmonic antennas 
has enabled demonstration of trapping of Rayleigh dielectric particles and biological 
objects within the sub-wavelength volumes.  

 

 
Figure 2.3.2 Plasmonic near-field optical trap, where EM energy of excitation light is enhanced to 
increase the trapping force, enabling Rayleigh dielectric particles and biological objects within the sub-
wavelength volumes. 
 
To date, these plasmonic antennas have been designed to produce the localized gradient 
forces for trapping the target particle at a single point fixed by the fabricated 
nanostructure [17-19]. On the other hand, transporting these targets over a long distance 
has never been shown. Although important especially for on-chip sorting, it is 
intrinsically difficult because the localized force is defined with pre-fabricated structures. 
While large scattering forces were alternatively utilized to show the control of metallic 
particles on a flat substrate [20, 21], the more powerful antenna-based tweezers have not 
been exploited for this purpose. 
 
2.3.2  Brownian Ratchet 

Particles in a liquid are subject to random collision of liquid molecules, displaying 
random behavior, so-called Brownian motion [22]. This thermal noise has usually been a 
critical problem in controlling particle flows at nanoscopic scales and has been 
suppressed for any method of particle manipulations. Contrary to general belief, the 
concept of Brownian ratchet is to take advantage of these Brownian fluctuations instead 
suppressing them. Indeed, the second law of thermodynamics states that the thermal 
energy originates no net motion of particles in the large scale. However, when driving 
anisotropic energetic systems out of thermodynamic equilibrium, it is possible to produce 
work out of the thermal noise. This is the working principle of the so-called Brownian 
ratchets [23, 24], first proposed by the Richard P. Feynman. After 40 year, this Brownian 
ratchet is still of fundamental interest in biology because such mechanisms play a role in 
biological protein motors [25], which utilizes the thermal fluctuation in its functional 
work. Devices utilizing this ratchet concept have also attracted significant interest as the 
basic working principle of future devices [26-31]. Moreover, mesoscopic Brownian 
motors, including organic electronic and spin ratchets, were experimentally demonstrated 
and showed its great potential as future powerful nanodevices and electronic circuits [32-
36]. 
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2.3.3 Plasmonic Brownian Ratchet 

Here the idea of the plasmonic Brownian ratchet is to utilize the thermal ratchet 
mechanism to address the issue of unrevealed transporting of dielectric particles over 
long distances using the plasmonic antennas. This work presents a proof-of-principle 
demonstration of the optically excited nanoscale thermal ratchet based on LSP 
interactions. Essentially, it uses plasmonic-based near-field powerful optical forces, 
which first trap the sub-wavelength dielectric beads in the sub-wavelength fluid volume 
and then drive its long-distance displacement within a single device. The device consists 
of an array of plasmonic antennas with spatially broken symmetry, with which a set of 
anisotropic optical potential for trapping the beads is generated. By repeatedly the 
exciting and releasing process of the trapping potential, with a laser field turned on and 
off, the system is taken out of equilibrium, yielding a directed drift of particles in one 
direction. In addition, molecular dynamics (MD) simulations was utilized to demonstrate 
this mechanism, showing the rectified Brownian motion of the bead in the absence of any 
external far-field energy bias. 
 
2.3.4. Plasmonic Antenna Design and Force Simulation 
 
Plasmonic Antenna Design 

The system uses an arrayed plasmonic nanostructure to rectify the Brownian 
motion of nanoscale dielectric beads of 50 nm diameter. The ratchet system design 
essentially requires two functions: (1) anisotropic trapping, generated by the antenna 
array’s geometrical asymmetry and (2) temporally periodic modulation of the particle-
plasmonic system interactions, achieved by turning the illumination on and off in 
periodic cycles (Fig 2.3.3a). To fulfill both required functions, the periodic array of the 
antenna structures is proposed as shown in Fig. 2.3.3b and Fig. 2.3.3c. The unit cell 
consists of four metallic dipole antennas (dielectric permittivity εm) with gradually 
changing lengths and with sub-wavelength spacing [37], where the dipole antenna is 
designed to have a deep sub-wavelength gap d and is separated from its nearest neighbor 
antenna by g. The dipole antennas are a pair of nanoscale rods with width !, height h, 
and varying lengths: ! in one side of the group and L! = L− 3(w+ g) tan θ in another, 
where the angle θ represents the structure asymmetry. The array of nanostructures, with 
period Λ, is on top of a glass substrate and in water containing dielectric beads at room 
temperature. A normal incident plane wave (intensity I!) with the electric field polarized 
along the dipole antennas axis (E!) was chosen as illumination, efficiently exciting the 
near field within the gap and enabling trapping of the dielectric beads in the EM hotspots. 
In this way, a one-dimensional (1D) array of anisotropic plasmonic-based nano-optical 
traps was designed. 
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Fig 2.3.3 Schematic of plasmonic Brownian ratchet. (a) By periodically turning on and off continuous, 
periodic asymmetric potentials, the Brownian diffusion of a dielectric particle is biased in one direction. (b) 
The plasmonic system from a top view: a periodic array of plasmonic structures formed by four optical 
dipole antennas. The geometrical asymmetry is characterized by angle θ. (c) The periodic array unit cell 
from the side view: the plasmonic structure is placed on top of a glass substrate and embedded in water. 

 
Force Simulation 

The plasmonic nano-tweezers was characterized by considering a single array 
element, where the set of four dipole antennas composes one unit cell. In the presence of 
the plasmonic structure, the bead experiences optical forces determined by the system 
EM fields. Such fields are contained in the Maxwell stress tensor, T(r) [38], and are 
simulated based on the finite element method [39]. The integration of this tensor on an 
arbitrary surface enclosing the particle provides the force exerted on it: 

 
F = T(r) ∙ n r d!  (2.3.1) 

 
where n(r) is the normal unit vector to the integration surface. To obtain the force field 
[40], the tensor T(r) is calculated for variant positions of the particle’s center. A line 
integration of the force from infinity to a position r provides the potential energy of the 
particle: 
 

U(r) = F(r!)!
!! ∙ d r′   (2.3.2) 

 
The calculated potential U(y) obtained for a PS bead (refractive index n = 1.59, radius = 
50 nm) in the plasmonic structure of gold antennas for the different angle θ is shown in 
Fig. 2.3.4a. The particle-antenna separation was assumed to be 10 nm. The potential for 
driving the particle’s motions along the group’s symmetry axis (y direction, x = 0) was 
calculated and normalized to the thermal energy (kBT) and the illumination intensity (I0). 
The asymmetric geometry produces the anisotropy in the trap, and the simulated EM field 
for θ = 18 is shown in the inset panel of Fig. 2.3.4.b. The field pattern showed the 
significantly enhanced EM field in a hotspot located at the gap of the longest antenna. In 
the presence of the neighbor antennas, with slightly different resonance wavelengths due 
to their slightly different lengths, a continuous and asymmetric field profile along the y 
direction was produced. The asymmetry of the potential is characterized with its given 
parameter α, and its depth, U, which were depicted in Fig. 2.3.3. The upper (α) and lower 
(U) inset panels of 1.4.4a show the evolution of these two parameters with θ. The case 
θ = 0° is equivalent to a symmetric structure and consequently to a symmetric potential 
(α = 0.5). Increasing θ is equivalent to the more anisotropic potential (α decreases) by 
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moving the hottest spot to the longest antenna’s gap and to increasing the depth of the 
potential well. For θ~18° [U(y) plotted as a yellow dashed line in panel (a)], α saturates 
at ~0.36: for larger θ, the dipole antennas are too different in length and are decoupled to 
distinct resonance frequencies. Fig. 2.3.4b shows the force field, yielding the potential for 
the coupled case in Fig. 2.3.4a. As the figure shows, Fy drives the particle to the hottest 
spot depicted in the inset. In the direction vertical to the substrate, Fz attracts the particle 
down to the antennas, while in the x direction Fx ≪ Fy , Fz . The plasmonic structure with 
θ = 18 is convenient for designing the plasmonic ratchet due to the maximum anisotropy 
and potential depth, ∆U~kBTI0 [mW-1 µm2], given at the order of the thermal energy for 
illumination intensities I0  ~ 1 mW/ µm2. 
 

 
Fig. 2.3.4 (a) Trapping potential experienced by a dielectric bead near the plasmonic nanostructure 
(four dipole antennas). Several values of geometrical asymmetry are considered. Inset panels: the 
potential asymmetry parameter, ! (upper) and the depth of the potential well, ΔU (lower) changes as a 
function of θ. The dashed vertical lines’ point at the antenna’s boundaries is shown for reference. (b) 
Forces experienced by the bead in the presence of a structure at θ!= 18°. Inset panel: the normalized 
strength of the electric fields upon illumination at = 1.5µm is plotted at z = 90nm. The dipole antennas are 
designed to maximize the field enhancement at a near-IR excitation wavelength: geometrical parameters L 
= 225 nm, d = 40 nm, w = 50 nm, g = 25 nm, and h = 30 nm. 

 
Now consider a periodic set of asymmetric plasmonic traps by arranging the plasmonic 
structures in a periodic manner (see Fig. 2.3.3). Fig. 2.3.5 is the optical potential 
calculated for the periodic array for different period Λ. This simulation assumed the 
plasmonic nanostructure subjected to periodic boundary conditions into the y direction. 
Assuming the plasmonic structures in such an array results in a coupling between them, 
generating a slightly oscillating potential depth with periods of Λ as shown in the figure 
inset. The maximum potential depth is at Λ ~ 1 µm, and its minimum at Λ ~ 1.4 µm. 
When the period becomes large enough, the depth approaches the value that corresponds 
to the single structure. The oscillation appears because of an interference effect in the far-
fields between the plasmonic antennas.  
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Fig. 2.3.5 Trapping a potential profile within a unit cell, generated by a periodic array of plasmonic 
structures !!= 18°. The anisotropic trapping potential is shown for different periods, Λ. Inset panel: 
evolution of the potential depth with a different array period. 
 
2.3.5  Device Characterization 
  The Brownian ratchet operation is characterized using MD simulations. The 
following Langevin equation of motion (2.3.3) governs the Brownian dynamics of a 
dielectric particle with mass m and radius σ in water at a constant temperature T, which is 
subjected to the external plasmonic force Fy: 
 

mr = F! − γmr+ 2γmk!TR(t)  (2.3.3) 
 
Here, the term γmr represents the drag force exerted on the particles in water, where 
γ = 6πση/m. The last term is the Langevin expression explaining the Brownian motion 
due to a stochastic force, where R(t) is a delta-correlated Gaussian function with zero 
mean [41]. Ultimately, the particle dynamics is dominated by both the diffusivity, D = 
kBT/m, and the external plasmonic forces.  
 Solution of Eq. (2.3.3) for N realizations of the system at T = 300 K simulates the 
statistics of the system. Here, a proof of concept ratchet design has the array period Λ = 
800 nm, whose U(y) is plotted as a yellow line in Fig. 2.3.5 because it generates a 
potential without any local maxima. The dynamics are simulated in 1D and an irradiance 
I0 = 75 mW/µm2 is used to ensure stable trapping; the device also works for lower laser 
powers. The sample bead is initially placed within a unit cell (0 ≤ y ≤ Λ) of the 
anisotropic and periodic potential. An external laser excites the set of plasmonic traps 
during time ton. There is no large-scale gradient force in the system and therefore no 
statistical net motion of the particle. With a long enough ton, the bead is trapped at the 
potential minimum as ∆U ≫ k!T. Fig. 2.3.6 shows a histogram of N realizations of the 
particle’s position at t = ton, displaying their distribution around the minimum. In the 
ratchet operation, the repeated modulation of the potential in time takes the system out of 
equilibrium. By turning off the potential, the particles freely diffuse out from the 
potential minimum. The spatial anisotropy makes the characteristic time, !!, needed for 
the particle to travel the distance !Λ to the neighbor unit cell in the forward direction, 
shorter than the characteristic time, !!, to travel backwards (1− !)Λ. If !! ≫ !!"" ≫ !!. 
The probability of the particle moving forward increases while that of moving backward 
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decreases. Thus, after one cycle, trapping the particle in the potential minimum in the 
forward direction is more likely than that in the backward direction. Repeating this cycle 
results in a rectified drift of the particles as an ensemble. Fig. 2.3.6b displays the 
particle’s positions after 16 cycles, corresponding to t = 0.26 s, and shows the statistically 
directed motion in the forward direction. In the inset, the time evolution of the 
probabilities of moving forward and backward are shown as PF = NF/N and PB = NB/N, 
where NF and NB are the number of realizations when the particle is at y ≫ Λ and y≪0. 
Together with PF and PB, P0 is the probability of particles remaining in the initial cell. 
Circles are the probabilities after 4, 8, 12, and 16 on/off cycles, showing that PF increases 
with the number of cycles, up to 40%, while PB saturates around 10% with 4 cycles. The 
large number of repetitions results in clear observation of the increase in PF and thus in 
the directed motion.  
 

 
Figure 2.3.6 Plasmonic Brownian ratchet dynamics simulation for N = 4000 realizations of the 
system. One PS bead (radius = 50 nm, density ! = 1050 kg/m3) is embedded in water (viscous coefficient ! 
= 1×10-3 kg/(m∙s)) at room temperature and was exposed to the time-modulated plasmonic force potential. 
The dynamics is diffusive (!!!~ 106, where !! =!!!/D is time required for the bead to diffuse its own 
radius). (a) Initial situation: the particle probability distribution is centered at the trapping position of the 

nanotweezer (0 ≤ y ≤ Λ) after a time ton = 2×104!! , with !!= !!!
!!!

= 5.7×10-7 s. Inset panel: time 
evolution of the probabilities for the particles to move forward (PF), move backward (PB), or to remain in 
the same cell (P0). (b) Final situation: after 16 on-off cycles (toff = 8 ×103!!), the probability for the particle 
showing a directed motion in the forward direction is 40%. The gray line represents the plasmonic force 
potential in arbitrary units (U = 75kBT). 
 
 Finally, the practical implementation of the plasmonic ratchet must consider the 
thermal heat generation from the plasmonic antennas as the performance of the device 
can be affected by thermal-induced dynamics. Notoriously, light coupling to LSPs in 
metallic resonators causes heat dissipation into the surroundings [42]. It is feasible to 
minimize this heat effect in an experiment simply by reducing illumination intensities, or 
more carefully designing the plasmonic structure. For instance, a substrate with a high 
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thermal conductivity was utilized as a heat sink [43, 44]. Moreover, considering thin 
fluidic cells is also helpful to suppress the convection flow in the sample [45]. This last 
point also prevents beads from leaving the plasmonic structures in the vertical direction 
when the illumination is turned off. 
 
2.3.6 Summary and Future Directions 

The concept of a plasmonic Brownian ratchet device is proposed to enable 
transport of sub-wavelength dielectric particles in a plasmonic nano-tweezers system by 
taking advantage of thermal noise. This device requires only the temporally periodic 
modulation of the large EM field enhancement produced by the asymmetric plasmonic 
array structures under simple light illumination. The MD simulation demonstrated the 
statistical rectification of the Brownian motion of the nanoscale bead. The powerfulness 
of the plasmonic nanotweezers can overcome the limitations of conventional optical 
tweezers for manipulating particles, achieving control of the sub-wavelength particles’ 
flow. This device can be applied to the wide range of micro- and nanofluidics 
applications where colloidal and biological objects’ manipulation is desired. 
 One of the critical limitations of the current idea is the lack of spatial confinement 
of the Brownian particles along the gaps of the dipole antennas. Future experimental 
demonstration can circumvent this issue by combining the antenna arrays with a 
nanofluidic channel. Although the alignment of the nanoscale structures is challenging, a 
possible design that does not require the alignment between the prefabricated 
nanochannel and the patterned antenna is displayed here (Fig. 2.3.7). PR representing the 
photoresist can be patterned using e-beam lithography, achieving good alignment with 
the metallic antennas relatively easily. Then, while heating up the sample to melt and 
reflowing the PR, another substrate is placed on it to seal it and create a nanofluidic 
channel over the antenna space. Alumina is recommended for this because it has higher 
thermal conductivity than glass, which can act as a heat sink to minimize the heat issue. 

 

 
Fig. 2.3.7 Possible fabrication design for experimental realization of plasmonic Brownian Ratchet. 
The device has a nanofluidic channel that encloses the antenna array. (a) To make the alignment between 
the channel and antennas feasible, photoresist that simultaneously acts as a nanoscale spacer and the 
adhesive glue is patterned by e-beam lithography with nanometer-order computer-controlled alignment 
with the bottom nanoantenna structures. (b) The top sealing substrate is placed on the photoresist and, by 
heating the device to remelt the photoresist, the channel structure is irreversibly enclosed. Alumina 
substrate is suggested because it has higher heat conductivity than glass, thus acting as a heat sink to 
prevent the unfavorable heat effects inside the nanochannel. 
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Chapter 3 
 
Plasmon Nanolaser-based Ultra-Sensitive Gas Sensor 
 
3.1 Hurdles to Overcome for Enhancing Gas-Phase Sensitivity 

There is a critical demand for the ultra-sensitive detection of vapor-phase 
chemicals or biological molecules in improving national security, health care, and 
environmental protection for the future sustainable society [1-5]. Despite the great 
advancements and sophistications in the recent optical technologies, discussed in the 
introduction chapter (Section 1.2), the direct detection of explosive molecules such as 
TNT and DNT at the sub-ppb level is still challenging. Among the series of approaches 
toward optical gas sensing in Section 1.2, the photonic/plasmonic devices and fluorescent 
organic materials have potential in terms of practicality and ease of quantification of 
detections. So, here I briefly restate the basics and issues of these sensors to clarify my 
goal: plasmon laser-based gas sensing. 
 Both of the introduced dielectric and plasmonic devices are essentially resonant 
structures that localize electric fields of light and enhance the light-matter interactions [6-
8]. Their resonant behavior is utilized because the absorption of molecules changes the 
refractive index of the surroundings as well as the peak/dip wavelength of the resonators. 
In general, the sensitivity of these resonant sensors increases by increasing two essential 
factors: (1) quality factor of the cavity, Q, and (2) surface-to-volume, S/V, ratio of the 
optical structure. Currently, surface plasmon (SP) sensors are passively excited (designed 
only with pure metals) and can achieve limited Q due to the intrinsic Ohmic loss in 
metals [4, 8-20]. On the other hand, the dielectric-based photonic structures such as ring 
resonators have limited surface-to-volume ratio due to the diffraction of light [21, 22]. 
Thus, it is difficult to achieve both factors at the same time. Consequently, the existing 
sensors are not sensitive enough to reliably respond to the minute refractive index change 
due to the surface adsorption of small gas molecules. 
 Fluorescent semiconductor materials are currently some of the most promising 
platforms, where surface-binding events can induce changes in their optical properties 
[23-28]. These materials are ready for use simply after being coated on plain substrates or 
dielectric photonic structures such as Bragg-grating resonators. The non-limit in size, the 
intrinsic high porosity of organic polymers, and their cheapness makes this approach 
attractive to practical applications. Its weakness is that organic dye-based devices suffer 
from photobleaching [24-27]. This issue is especially severe in its sensor applications 
wherein the sensing media is typically exposed to oxidative environments, such as 
ambient air that contains oxygen, water, explosives, and other gases [1, 24-31]. The 
weaker photo-stability of organic materials over the inorganic ones is always the case for 
other examples such as the dye lasers over inorganic ones, as well as organic dyes over 
quantum dots. In fact, the significant enhancement in the gas-phase explosive detection 
was experimentally observed when the fluorescent polymer was excited strongly up to 
lasing. The quick photobleaching, however, made it unpractical for real applications. In 
addition, its sensitivity enhancement was limited because the polymer was coated on a 
diffraction-limited dielectric photonic device [1]. 
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3.2 Plasmon Laser-based Sensing 
It is difficult to achieve the high Q and S/V ratio simultaneously in optical gas 

sensor photonic/plasmonic devices. It is, however, possible via a union of semiconductors 
with plasmonic resonant structures (cavities). SP modes provide deep sub-wavelength 
confinement, and the semiconductor provides optical gain for compensating the ohmic 
losses in metal. Recently demonstrated plasmon lasers exhibited well-confined strong 
local electric fields, increased radiating power, and dramatically narrowed line width, 
compared to the passive plasmon resonators [32-39]. Such a highly emissive cavity has 
been theoretically predicted for significantly improving sensitivity to changes in the local 
environment [40-42]. 

Here, my idea is to utilize actively excited plasmon cavities for gas sensing. The 
active plasmon nanocavity sensor (APS) device is based on a lasing plasmon nano-cavity 
wherein a single crystalline cadmium sulfide (CdS) nano-slab simultaneously acts as 
optical gain and as sensing material (Fig. 3.1). Loss of compensation by gain allows the 
sub-diffractive cavity to achieve an intense and sharp lasing emission. The surface-
adsorption of the molecules on the gain semiconductor significantly modulates the lasing 
intensity. Benefitting from both the good photo-stability of the crystalline inorganic gain 
and enhanced light-matter interaction associated with plasmon lasing, the APS achieved 
sub-ppb level detection of multiple explosive molecules with selectivity attributed to their 
electron deficiency. Furthermore, there was 300-fold sensitivity enhancement under the 
lasing condition over the spontaneous emission condition. 
 

 
Figure 3.1 Schematic, SEM image, simulation of electric field distribution, and TEM image of an 
active plasmon nanocavity gas sensor. (a) The sensing scheme is based on the intensity modulation of 
stimulated emission from a lasing plasmon nano-cavity with sub-wavelength electromagnetic field 
confinement. In the cavity, the semiconductor slab acts as optical gain and as sensing material 
simultaneously. The large surface-to–physical volume ratio (S/Vphy) of the nano-cavity enhances the 
intensity modulation effect associated with surface events. This is because the number of carriers that can 
be influenced by surface events is highly limited due to the small Vphy, while there is a large surface area 
for analyte absorption. (b) SEM image of the device shows a CdS nano-slab with thickness of 50 nm and 
length of 600 nm atop silver film, with separation of 8 nm and low permittivity in the MgF2 layer. (c) 
Electric field distribution in a cross-section of the nano-cavity EM mode that was simulated in 3D space. (d) 
Distribution of electric field amplitude |E| along the dashed line in (c). (e) high resolution TEM image of a 
top view of CdS slab shows the single crystal structure and atomically smooth surface, crucial for the 
optical performance of the device.  
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3.3 Plasmon Laser Design 
Fig. 3.1a and Fig. 3.1b show a schematic and a SEM image of the active plasmon 

sensor, respectively. The device consists of a single crystalline semiconductor CdS nano-
slab (50 nm in thickness, 600 nm in length) on top of a silver surface separated by an 8-
nm-thick magnesium fluoride (MgF2) gap layer. The CdS nano-slabs were synthesized 
with a chemical vapor deposition (CVD) method. CdS (99.995%) powders were used as 
the source, and pieces of Si wafers covered with 10 nm of thermally evaporated gold 
catalysts were used as the substrates. The grown CdS nano-slabs show a single crystalline 
lattice structure with a lattice spacing of aCdS = 0.67 nm along the [0001] axis 
corresponding to a wurzite crystal lattice (Fig. 3.1b). The silver/magnesium fluoride 
substrates were deposited by electron beam evaporation on a silicon wafer. The film 
roughness (RMS) measured by AFM was below 1 nm. CdS nano-slabs were deposited 
from the solution by spin coating onto silver/magnesium fluoride substrates. 
 The SP mode localizes the electromagnetic field at the interface between the 
metal and semiconductor, allowing both the device’s physical size and mode confinement 
to shrink down to the nanometer scale in a dimension perpendicular to the metal surface 
(Fig 3.1c–3.1d). The optical modes were calculated using a finite-element method 3D 
eigen-mode solver with Comsol Multiphysics. In this model, the CdS nano-slab 
(n!"# = 2.5) was laid in contact with an 8-nm MgF2 (n!"#$ = 1.38) gap layer above a 
single Ag strip (ε!" = ε! − E!![E E− iγ ]!!, ε! = 5 eV, γ = 0.04 eV). The effective 
mode volume of the lasing plasmon cavity was calculated as 
V!"" = w!"(r)d!r ε!ε(|E|!!"#), where wem was the electromagnetic energy density of 
the optical mode. E in the denominator was the evaluated maximal electric field. Taking 
into account the strongly dispersive property of silver, w!" r  equals half of 
[Re ! !"

!! E r ! + !|H(r)|!]. As a result, the calculated optical mode volume is only 
about 0.03 λ3. The Q factors of the cavity modes were calculated with the formula 
Q = f!/Δf, where the f!  is the resonance frequency and Δf is the full width at half 
maximum of the resonance spectrum. For the Q factors of the cavity modes with gain, a 
complex refractive index of n!"# = n− iκ was fixed, where the gain coefficient κ can 
vary depending on the pump intensity. The Q factor is significantly enhanced by orders 
of magnitude with the increase of gain coefficient κ and reaches maximum at a κ value of 
0.19, corresponding to a material gain (g = 4πκ/λ) of ~9500 cm-1. 
 The semiconductor slab with an atomically smooth surface displayed in Fig. 3.1e 
simultaneously serves as the optical gain and nanoscale sensing medium in the lasing 
plasmon nano-cavity. The large surface-to–physical volume ratio (S/Vphy) of the nano-
cavity, which is inversely proportional to the nano-slab thickness, strengthens the surface 
modulation effect to the emission. While the large surface area S allows more analytes’ 
adsorption, the small physical volume Vphy limits the number of carriers to be influenced 
inside. In our cavity, S/Vphy can also be expressed as !∙!!! , where V!"# = !

!! ,  n! is the 
carrier concentration and N is the carrier number in the cavity. The carrier density just 
above the lasing threshold of the plasmon nano-slab cavity is on the order of 1018 cm-3. 
Given that the Vphy of the CdS nano-slab is about 0.018 µm3 (~0.14 λ3), the number of 
carriers for the lasing operation N in the device is ~1.8×104, making the emission 
intensity intrinsically sensitive to the few number of surface events. 
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3.4 Experimental Setup 
The characterization of the device sensitivity was performed in a sealed chamber 

with two ports for gas exchange and an optical window for both the pumping and signal 
collection, respectively (Fig. 3.2a). The device was exposed to a flow of diluted target gas 
molecules at a controlled concentration. Inert N2 gas was used to dilute explosive vapors 
while also serving as the background reference. The saturated explosive vapor in N2 can 
be further diluted by another N2 channel, and thus its final concentration can be 
determined by the ratio of the flow rates in these two channels. The sensing devices were 
optically pumped by a frequency-doubled, mode-locked Ti-sapphire laser (Spectra 
Physics) with λpump=405 nm, a 10 KHz repetition rate and approximately 100 fs pulse 
length. A 20x objective lens (NA=0.4) was used to focus the pump beam to around the 2-
µm diameter spot onto the sample and collect its luminescence efficiently. The device 
was optically pumped above the lasing threshold at room temperature.  

Fig. 3.2b shows the dependence between the pump intensity and emission intensity 
and line width of the device emission. The lasing emission above the threshold has a 
much narrower line width, stronger intensity, and higher slope efficiency than those of 
spontaneous emission. These features provide the device with high performance in terms 
of high signal intensity (I) and relative intensity change (ΔI/I) at peak wavelength. 

 

 
Figure 3.2 Characterization of the active plasmon nanocavity laser. (a) Experimental setup. The device 
was placed in a sealed chamber with two ports for gas exchange and an optical window for both optical 
pumping and signal collection. A spectrometer continuously tracked the laser emissions from the device at 
a controlled concentration of gas vapors. (b) Pump intensity dependence of the total emission intensity and 
line width of the device. The stimulated emission above the lasing threshold provides stronger intensity, 
higher slope efficiency and much narrower line width than these of spontaneous emission. These features 
enable the device’s higher performance in terms of high signal-to-noise ratio and relative intensity change 
(ΔI/I) at peak wavelength. 

 
3.5a Time-Lapsed Spectroscopy for APS-based DNT Detection and Its 
Stability Test in Air 

DNT with a saturation concentration of about 100 ppb at room temperature was 
chosen as the target chemical [1]. In our sensing scheme, the peak intensity change of the 
lasing emission reflects the detection of molecules adsorbing onto the lasing cavity. In 
Fig. 3.3a, the lasing emission spectrum under a flow of 8 p.p.b, is shown. The emission in 
the DNT is compared with that in pure N2. The surface adsorption of DNT induces an 
apparent increase in the peak intensity at about 505 nm, while no appreciable change in 
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the peak wavelength is observed. Fig. 3.2d displays the evolution of the peak intensity at 
505 nm as the flow alternates between pure N2 and diluted DNT at various concentrations. 
An increase in the peak intensity and further saturation within several minutes after 
switching on a flow of the diluted DNT was observed. Fig. 3.2d show that, even at the 
level of 1 ppb, 6 % of ΔI/I could be detected. The peak intensity decreased to the original 
value after switching back to a pure-N2 flow, showing the reversible response. The 
response time of sensing reflects a slow change of the local DNT concentration on the 
device surface. This transient time of several minutes is not limited by the device itself 
but is mainly determined by the flow rate and the volume of the chamber. Moreover, 
when tracking the lasing peak wavelength via Gaussian fitting of the spectra, there is no 
appreciable change in the peak wavelength at various DNT concentrations (Fig. 3.3b blue 
dots). This observation indicates that, in the case of active plasmon sensors, direct 
monitoring of the lasing intensity has superior performance compared to that of the index 
change–induced peak wavelength shift.  

 

 
Figure 3.3 APS-based gas sensing. (a) Measured emission spectra of the lasing plasmon cavity in pure N2 
(black curve) and 8 ppb DNT (red curve). An obvious increase of lasing intensity in a flow of 8 ppb DNT is 
observed. (b) Black circles: Continuous trace of emission intensities of the APS when delivering DNT 
vapors at varied concentrations of 1, 2, 4, and 8 ppb. The lasing intensities showed apparent increase after 
each DNT delivery, even at the level of 1 ppb, with a change of 6 %. When the input gas was switched to 
pure N2, the lasing intensities decreased to the initial value. Blue dots: The lasing peak wavelength tracked 
via Gaussian fitting of the spectra. There is no appreciable change in the peak wavelength at a variety of 
DNT concentrations, which indicates that directly monitoring the lasing intensity has superior performance 
over monitoring the index change–induced peak wavelength shift in active plasmon sensors. 

 
Although the detection of DNT in N2 demonstrated the principle of our sensor devices, 
the path toward a practical sensor requires measuring the target molecules in air and in 
the presence of common interferences. To achieve this, standard air and N2 were 
alternatively delivered into the chamber. The lasing intensities showed increase of only 
about 1% after each air delivery, with a decrease to the original value after switching 
back to pure N2 (Fig. 3.4). When it was kept lasing in air, the emission showed no 
appreciable photobleaching over 1800 seconds, as shown in Fig. 3.5. This high stability is 
because of the use of the inorganic crystalline semiconductor slab in our device. In 
contrast, the organic polymer-based devices generally suffer from significant 
photobleaching in a short time [1, 24-31]. In practical application, the use of stable 
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inorganic materials is beneficial for a reliable signal readout and for a long lifetime. 
These experiments confirmed that the device can be operated in air with very high 
stability, and explosives can be detected if they cause significant change in the lasing 
emission. 
 

 
Fig. 3.4 Continuous trace of emission intensities of the active plasmon nano-sensor when air and N2 
were alternately delivered into the chamber. The lasing intensities showed an increase of ~1% after each 
air delivery. When the input gas is switched to N2, the lasing intensities decreased to the initial value.  

 

 
Fig. 3.5. Continuous tracing of lasing emission intensities of the active plasmon sensor in air. There is 
no appreciable photobleaching in over 1800 seconds; conversely, the organic polymer laser sensor 
demonstrated by others suffered more than 3% of photobleaching in just over 20 seconds [5, 15–17]. 
 
3.5b Selective and Sensitive Gas Sensing 

The path toward a real explosives detector also requires that the detectors for 
selectivity be at high sensitivity. To show this capability, I detected four different 
explosive molecules: DNT, ammonium nitrate (AN), nitrobenzene (NB), and nitrotoluene 
(NT). The detection was quantified to characterize our device’s sensitivity as well as 
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selectivity. In the experiment, air was used to dilute the explosive vapors and as the 
background reference. Figs. 3.6a–d show the continuous trace of emission intensities of 
the lasing plasmon nano cavity when AN (a), DNT (b), NB (c), and NT (d) vapors are 
delivered at varied concentrations by diluting them in air. The lasing intensities 
apparently increased after each analyte delivery and decreased to the initial value after 
switching the input gas to only air. As shown in all figures, despite the detection in air, 
the sensor showed highly robust and reversible responses. From the sensor response 
acquired in Figs. 3.6a-d, the calibration curves for these four analytes are obtained as 
shown in Fig. 3.6e, where the lasing intensity changes percentages (ΔI/I) are plotted as a 
function of the analytes’ vapor concentration. The sensitivities defined as the slope of the 
calibration curves for DNT, AN, NB, and NT are 1.2%/ppb, 6.1%/ppb, 0.4%/ppm, and 
0.3%/ppm, respectively [43]. The limits of detection of these analytes in air can also be 
obtained from the calibration curves. The minimum distinguishable analytical signal, Slod, 
is taken as a+3S, where a and S are y-intercept and standard deviation of the regression of 
the calibration curves, respectively. The limits of detection obtained for DNT, AN, NB, 
and NT are 0.67 ppb, 0.4 ppb, 7.2 ppm and 2.7 ppm, respectively. Thus, I have 
demonstrated that our sensor responds to the different analytes in air with good 
robustness, reversibility, and stability over the long-lasting experiments (> 5 hours). 
 Furthermore, the selectivity of our device was quantitatively characterized, where 
the selectivity coefficient for A with respect to B is defined as kB,A = mB/mA [10], and 
where mB and mA are the calibration sensitivity of the analytes A and B. From the 
measurement and analysis we made above, the kB,A of DNT with respect to AN, NB, and 
NT are 5.1, 3.3×10-4, and 2.5×10-4, respectively. The selectivity of our sensor is attributed 
to the different electron deficiencies of the four gases [44-46]. The materials tested in the 
experiments have specific electron deficiencies, which originate from their oxidative 
nitro groups. The AN decomposes to nitric acid, a stronger oxidizer than the DNT, which 
is a nitro derivative of toluene. The DNT with two nitro groups is more electron-deficient 
than the NB and NT with a single nitro group. When the explosives are ordered according 
to electron deficiency, AN > DNT > NB, NT, the results correspond with the magnitude 
of induced responses to our sensor. 
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Figure 3.6 Detection of 2, 4-dinitrotoluene (DNT), ammonium nitrate (AN), nitrobenzene (NB), and 
nitrotoluene (NT) in air. (a-d) Continuous traces of lasing intensities at varied AN (a), DNT (b), NB (c), 
and NT (d) vapor concentrations diluted by air. (e) Calibration curves for these four analytes. The 
sensitivities defined as the slope of the calibration curves for DNT, AN, NB, and NT are 1.2%/ppb, 
6.1%/ppb, 0.4%/ppm, and 0.3%/ppm, respectively. The detection limits obtained for DNT, AN, NB and NT 
are 0.67 ppb, 0.4 ppb, 7.2 ppm and 2.7 ppm, respectively. The selectivity coefficients of DNT with respect 
to AN, NB, and NT are 5.1, 3.3×10-4, and 2.5×10-4, respectively. The device holds selectivity due to 
specific electron deficiency of target explosive molecules because our sensing is based on the surface 
recombination velocity modification, which is sensitive to the electron deficiency of adsorbed molecules. 
 
3.5c Sensitivity Enhancement in Lasing Condition 
 The sensitivity of our sensor in the lasing condition is significantly enhanced 
compared to that in the spontaneous emission condition. Fig. 3.7a shows the continuous 
trace of spontaneous emission intensities when DNT delivered vapors at different 
concentrations. Fig. 3.7b shows the calibration curves obtained for DNT detection in the 
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spontaneous emission condition. The sensitivity and the detection limit were obtained at 
0.23 %/ppb and 14 ppb respectively. The sensitivity of lasing emission was ~5 times 
higher than that of spontaneous emission, and the detection limit was ~21 times better. 
We note that the peak intensity of the lasing emission was about 60 times higher than that 
of the spontaneous emission (Fig. 3.7c). So the sensitivity of lasing emission was ~300 
times higher than that of spontaneous emission when ΔI is directly used as the measure of 
signal [1, 27]. 
 

 
Figure 3.7 Detection of explosive molecules by the same cavity via spontaneous emission. (a) 
Continuous trace of spontaneous emission intensities at different DNT vapor concentrations diluted by air. 
(b) Calibration curves obtained for DNT detection via spontaneous emission. The sensitivity and the 
detection limit were obtained at ~0.23 %/ppb and ~14 ppb, respectively. The lasing emission sensitivity 
showed at about 5 times higher than spontaneous emission sensitivity, and the limit of detection was about 
21 times better. (c) Spontaneous emission and lasing emission of the sensor device. When ΔI was used as a 
direct measure of the signal, the sensitivity of lasing emission was revealed at ~300 times higher than that 
of spontaneous emission. 
 
3.5d Mechanisms Discussion 

To understand the underlying mechanism of the sensing process, I performed a 
measurement of time-resolved spontaneous emission of the cavity (Fig. 3.8). For the 
intensity modification, I propose two possible physical processes [23]. The first scenario 
is that the adsorbed DNT molecules on the device modify the localized charge layer at 
the surface, generating an electrostatic field in the near-surface region within the 
semiconductor. The second one is that the DNT molecules influence the rate of surface 
recombination through interactions with surface states of the gain material. The former 
process increases the emission intensity by mitigating the band bending, but reduces the 
emission lifetime because of the increased electron-hole wave function overlap. 
Alternatively, the adsorbed DNT reduced the nonradiative recombination by shifting or 
removing the intrinsic surface state. This process results in increase of the emission 
intensity and lifetime because the total emission lifetime (t) is dependent on the radiative 
lifetime (trad) and nonradiative lifetime (tnonrad) in the form of !! =

!
!!"#

+ !
!!"!#$%

. In the 
measurement, 100 ppb of DNT vapor was delivered into the chamber to observe the 
response. The results show that the emission intensity from the device increased after the 
DNT vapor was introduced, following the same trend as the stimulated emission regime. 
At the same time, the measured emission lifetime became longer, as shown in Fig. 3.8. 
These results indicate that the dominant sensing mechanism relies on surface 
recombination velocity modification. 
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Figure 3.8 Time-resolved emission of the sensor in the spontaneous emission for investigating 
dynamics of the photon-excited carrier relaxation. Two of the typical time-resolved spontaneous 
emissions of the device in N2 and 100 ppb DNT are shown as the black curve and the red curve, 
respectively. After introducing the DNT vapor, the emission intensity from the device increased, following 
the same trend as the stimulated emission region. The measured emission lifetime became longer. Both of 
these intensity and lifetime changes of the spontaneous emission suggest that the intensity increase is 
because of the surface recombination velocity modification. 
 
3.6 Summary and Future Prospect 

In summary, I proposed and experimentally demonstrated the actively excited 
plasmon sensor for detecting sub-ppb level explosive molecules for the first time, making 
three findings: (1) while the solid-state semiconductor simultaneously acted as optical 
gain and as sensing medium in active plasmon sensors, the devices held good selectivity 
due to the specific electron deficiencies of target explosive molecules; (2) the sensitivity 
of lasing emission from the calibration curve was ~300 times higher than that of 
spontaneous emission because the lasing emission has much stronger intensity and higher 
slope efficiency; (3) the direct monitoring of lasing intensity had superior performance 
over the monitoring of wavelength shifts due to the index change. These results 
demonstrate the potential of actively excited surface plasmon for chemical sensing in 
general and will open new opportunities in a variety of chemical-sensor–related fields, 
including early-stage disease diagnosis, toxic gas, and explosive detections as well as 
biomolecular sensing. Moreover, the use of active plasmon to study the surface reactions 
on the semiconductors will become a highly attractive platform to the scientific fields of 
surface chemistry and physics.   
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Chapter 4 
 
Novel Imaging Technologies for Studying and Synthesizing 3D 
Soft Matters  
 
4.1 Nanowire Interferometry 
 
4.1.1 Introduction to Brownian Motion (BM) and Hydrodynamic 
Interaction (HI)  
 

Microscopic particles undergo Brownian motion due to the random collision of 
fluid molecules. It is fundamentally important to understand artificial particles’ Brownian 
motion. Because particles that share characteristic physical dimensions with biological 
molecules also share their characteristic diffusive behavior, a study of the experimentally 
observable artificial particle’s diffusion allows us to understand the behavior of nanoscale 
biological molecules. Moreover, this study itself is a fundamental research field of soft 
condensed matter physics including colloidal physics and many particle systems. 

Brownian motion of a free particle is predicted by Einstein’s theory as follows 
[1]: 

 
MSD = [Δx(t)]2 = 2DΔt  (4.1.1) 

 
where MSD  is the mean square displacement of a free diffusive particle in one 
dimension during time Δt  and D  is its diffusivity. The Stokes Einstein equation links the 
diffusivity with thermal energy as follows: 
 

D = kBT γ  (4.1.2) 
 

where kB  is the Boltzmann constant, T  is the temperature, and γ = 6πηR  is the Stokes 
friction coefficient for a sphere with radius R  in the viscosity of the fluid η. Although 
these equations predict the observable behavior of the Brownian particles, their dynamics 
with mass M  over all time scales can be described by a Langevin equation [2–4]: 
 

Mx +γ x = Fthermal (t)  (4.1.3) 

Fthermal (t) = 2kBTγς (t)  (4.1.4) 
 

Fthermal (t)  is the Brownian stochastic force and ς (t)  is the normalized white noise 
process, characteristically for all t  and t ' : 
 

ς (t) = 0  and ς (t)ς (t ') = δ(t − t ')   (4.1.5) 
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On the other hand, in most realistic situations in biological and technological 
applications, the particles’ surroundings influence the Brownian motion via electrokinetic 
force, Wan der Waals force, and other kinds of confining forces. This external force term 
Fexternal (t)  will be added to the right side of equation (4.1.3), affecting the Brownian 
motion at the time scales, depending on its strength. Understanding the soft matter 
physics systems is to understand parameters such as γ  and Fexternal (t)  and how they 
contribute to the mentioned equations. There are complex factors in the environment that 
alter the Brownian motion of a free particle. The Wan der Waals force plays important 
roles especially when the particle is extremely close to the surface; it becomes significant 
at the distance < 10nm [5]. If there is an electric field in the fluid, the electrokinetic force 
can also influence its behavior. However, in an ionic liquid, the small ions are attracted to 
the environments to cancel the electric field from the environments. In colloidal systems 
where particles can be observed in optical imaging (> hundreds of nanometers), 
consequently, the dominant force interaction takes place through hydrodynamic 
interaction. 
 Hydrodynamic interaction (HI) is a force communication between objects 
mediated by the fluid flows induced by the motion of the objects themselves [6]. This 
HI’s effects appear even at distances ranging from nanoscales to very large scales up to 
the size of the particles, thus playing important roles in many realistic situations such as 
motion of molecules and cells [7-16] as well as the self-assembly of colloidal objects [17-
20]. The particles’ HI with a planar interface is one of the simplest cases, but even that is 
complex to understand because HI is essentially an infinite-order multireflection of fluid 
flows between objects. The case of spherical particles’ interaction with the planar wall 
has been extensively studied as a basis for understanding the realistic systems [21-25]. H. 
Brenner’s pioneer work in the 1960s [24] analytically proposed that the diffusivity of 
spheres exponentially drops in an anisotropic manner as the particle-wall distance 
becomes closer than the particle diameter. After the advance of the microscopic precision 
measurement technique for tracking the particles’ position, this prediction was 
experimentally confirmed [22]. With this established basis of sphere-wall hydrodynamic 
interactions, it became possible to understand the interaction of spherical particles with 
more realistic environments.  
 On the other hand, in many realistic biological and technological systems, 
microscopic objects such as bacterial cells [7-10], filamentous macromolecules [11-16], 
and colloidal particles [17-20] are anisotropic and confined by boundaries such as 
substrate surfaces and cell membranes. Understanding their complex HI of anisotropic 
particles near a boundary is crucial for comprehending the real dynamics in the motion of 
molecules and cells [7-10] as well as the self-assembly of anisotropic objects such as 
nanowires [17-20] in a liquid. For example, immobilization of anisotropic particles 
always starts with the tethering of one end when the particles experience the strong 
hydrodynamic effect from the wall. However, the behavior of anisotropic particles in 
environments is not yet fully studied due to its complexity. 
 
4.1.2 HI of Anisotropic Particles with a Wall 

The Brownian motion of anisotropic particles is subject not only to the solvent 
flows reflected from the environment but also to those induced by the motion of the 
particles themselves, making the Brownian motion difficult to understand [16, 26-28]. 
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Recent studies have revealed that the HI induced by the particle itself (i.e., even in an 
isotropic environment) causes the coupling between the translational and rotational 
diffusions of rod-like particles [26]. Despite such recent progress, the HI with the nearby 
interfaces further increases the complexity, hampering its theoretical understanding [27-
28]. There is no analytical solution developed for this problem and no numerical method 
to efficiently simulate such a large system. Experimentally, it has been difficult to 
observe the near-wall Brownian motion of such anisotropic particles with conventional 
optical methods because of complicated light scatterings. Particularly, direct visualization 
of the minute change of the inclined angle between the moving particle and the surface 
has been elusive [15, 28], and previous works typically assumed the particle was parallel 
to the wall [26]. 

In this chapter, I experimentally and theoretically studied the hydrodynamic 
interaction between anisotropic particles and a wall. I proposed and demonstrated an 
interferometric imaging technique to track the microscopic 3D rotational motion of 
tethered nanowires, a simplest one-dimensional shape of anisotropic particle. In parallel, I 
developed an implicit hydrodynamic model to simulate a large system efficiently and 
accurately.  

This quantitative measurement with high angular and temporal resolutions 
revealed significantly inclined angle- and length-dependent hydrodynamic effects in the 
Brownian motion for the first time. I observed a 40–80% reduction in the overall 
rotational diffusivity of nanowires. The implicit simulation efficiently takes the wire-wall 
hydrodynamic interactions into account, and its results correlated positively with 
experimental observations with no fitting parameter. The combination of the developed 
experimental and simulation techniques provides a powerful platform for exploring the 
optimal self-assembly conditions of nanostructures and for studying the microrheology of 
soft condensed matters, such as colloidal and biological systems near interfaces. 

 
4.1.3 Nanowire Interferometry (Backscattering Interference Contrast 
Microscope) 

 
Introduction: Interference Contrast Microscopy 

Reflection interference contrast microscopy (RICM) is an interferometric 
microscopy technique with many applications in cell biology, surface science, wetting, 
and soft condensed matter research [20, 31]. The intensity distribution of the 
interferogram is a result of the local difference in the lengths of optical paths between the 
light waves reflected from different interfaces of the systems. The optical basis for 
interferences occurring in RICM is depicted in Fig. 4.1.1a. A monochromatic incident 
light ray I0 is first reflected at the glass/water interface, yielding ray I1. The transmitted 
light is reflected further at the surface of the object (object/water interface) to generate 
ray I2. For the observer, rays I1 and I2 interfere to generate interferometric intensity 
profile I. Assuming quasi-normal incidence I is given by equation (4.1.1), where 
k = 2πn!/λ and ϕ is a phase shift usually equal to π, h x, y  is the distance between the 
object and the glass/water interface at its lateral position. Because I1 and I2 depend only 
on I0 and the reflection coefficient at each interface, the last term that is a function of h 
results in the appearance of contrast in RICM. In a reverse manner, one can 
mathematically interpret the two-dimensional matrix of intensities in the RICM image as 
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the corresponding substrate/object distance accurately. For example, large colloidal beads 
generate the circular symmetric fringe patterns that can be exploited to accurately and 
robustly track robustly with great accuracy, 1 nm vertically and 10 nm (sub-pixel) 
laterally [32]. 
 
 

 
Figure 4.1.1. The principle of reflection interference contrast microscopy (a) and the Mie resonance-
enhanced backscattering interference contrast microscopy developed in this work (b). 
 

! = !! + !! + !!!! cos[2!ℎ !,! + !] (4.1.1) 
 

 Despite its advance, the RICM research is not directly applicable to nanoscopic 
objects because the nanoscale material randomly scatters the optical rays with a 
significant non-!! phase shift, causing simple interpretation to become challenging. Thus, 
in this work, Mie resonance-enhanced backscattering interference contrast microscope 
(BICM) was developed for tracking the microscopic motion of a tethered silicon 
nanowire (Figure 4.1.1b). In the case of our nanowires, it is a scattering process that did 
result in weaker signals, multidirectional scattering, and phase change of the scattered 
photons; RICM was thus hard to apply. However, the high uniformity of the nanowires 
allowed the phase change to appear uniformly along its length. Its Mie resonance gave a 
significantly strong backscattering toward the glass substrate [33], resulting in a high-
contrast interferogram that allowed precise measurement of the object/substrate. 
 
Mie Resonance-Enhanced Backscattering Interference Contrast Microscope (BICM) 

For the experiments discussed from here, a suspension of silicon nanowires (150 
nm in diameter, with lengths varying from 5 to 25 µm) was stored in a closed chamber on 
a glass cover slip. Some of the nanowires had one end tethered to the glass surface, due to 
the Van der Waals force, and the other end free, undergoing Brownian rotation around 
the tethered point  (Figure 4.1.1b). As seen in the SEM picture (Fig. 4.1.2), the 
commercialized nanowires from Sigma have a high-quality scattering surface that is 
uniformly smooth and flat along the length of the wire, thus suitable for BICM. The 
nanowires used in the experiments are rigid enough that bending is negligible. For the 
nanowires in liquid, the possible effect of bending on Brownian motion can be 
characterized by the persistence length, Lp = κ/kBT [34], where κ is the bending stiffness. 
κ = EI, where E is the elastic modulus and I is the area moment of inertia about the 
filament axis (I = π d 4 64 [34]). Using Young’s modulus of silicon (E ~130 GPa) [35, 
36] and assuming that the silicon nanowires are cylinders with d = 150 nm, we obtain the 
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persistent length to be Lp = 785 m, which is far longer than the length of the nanowire we 
used (< 25 microns). 

 

 
Figure 4.1.2.  SEM images of silicon nanowires. (a) An SEM image of highly uniform silicon nanowires 
with 150 nm diameter (from Sigma, Scale bar = 5 µm). (b) A magnified SEM image of an end of the 
nanowire (scale bar = 500 nm).  
 
In the BICM setup as shown in Fig. 4.1.3, a mercury lamp was used as the illumination 
light source, from which monochromatic light was selected using band-path filters. The 
monochromatic light passed through a narrow aperture of 0.5 mm, placed at the Fourier 
plane, and was focused onto the glass surface plane with an objective lens (Carl Zeiss, 
50x LD Epiplan HD DIC, working distance = 6.5 mm, NA = 0.5). The same lens then 
collected the backscattered light from the nanowire along with the reflected light from the 
glass-water interface, generating the interference pattern along the wire. The intensity 
profile of the interference pattern, !, is interpreted to calculate the inclination angle as 
follows [31]: 
 

2! = !!"# + !!"# − ! !!"#!!!"#
! !"# !!!!

! ℎ − !"#! !
! + !   (4.1.2) 

 
where !!"# and !!"# are the maxima and minima intensity of the interference pattern, ! 
is the correction constant in contrast amplitude, !! is refractive index of water, ℎ is the 
distance from the wall, ! is half the illumination cone angle defined with illumination 
numerical aperture as !"# = !! sin!, and ! is the phase shifts seen in the pattern. As 
the nonzero numerical aperture generally introduces effects of damping the interference 
contrast and of slightly stretching its periods, represented as ! and !, the small aperture 
of 0.5 mm diameter was placed at the Fourier plane and effectively reduced the !"#  to 
0.05, minimizing the measurement errors [31]. 
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Figure 4.1.3. Optical setup, used to enable the Mie resonance-enhanced backscattering interference 
contrast microscopy.  
 
The proposed BICM was calibrated using the nanowire with fabricated structures. As 
shown in Fig. 4.1.4a, a silicon dioxide layer was partially deposited with e-beam 
evaporation and, after enclosing the SiO2 structure in the chamber, the nanowire solution 
was introduced at high ion strength. After the waiting period, some nanowires settled 
down at the bottom and leaned on the edge of the deposited the SiO2 structure. The 
BICM was then applied for the leaning nanowire that ceased to diffuse. The measurement 
on nanowires was performed in water because, when dry, a nanowire bends due to 
capillary forces, as seen in Fig. 4.1.4g. The same mercury lamp and objective lens were 
used. Fig. 4.1.4b is the transmission bright field image of the wire leaning on the SiO2 
structure. The upper area above the dash line is the surface of the original glass cover 
slip, and the lower area is the surface of the deposited SiO2 structure. Fig. 4.1.4c is the 
backscattering interference contrast image under illumination of light at wavelength 436 
± 10 nm, Fig. 4.1.4d is at 546!± 5 nm, and Fig. 4.1.4e is at 665 ± 22 nm. In Fig. 4.1.4f, 
plots show the intensity profile measured along the wire length in Figs. 4.1.4b–d; the 
curves were drawn according to the equation (Eq. 4.1.2) with ! = 436, 546, and 665 nm. 
For the wavelength of 546 nm, the significant shift in phase caused by the resonance of 
the nanowire was observed. The wire diameter was comparable to the effective 
wavelength of visible light at the refractive index of silicon, and the nanowires are thus at 
Mie resonance when applied to visible light. Because this phase shift does not affect the 
periodicity of the interference pattern, the theoretical curve could still fit well with the 
measured intensity profile.  For the fitting, although ! for 436 nm and 665 nm were zero, 
! for 546 nm was 0.4. The heights of the SiO2 structure were measured by BICM as 
673.98 nm at ! = 436 ± 10 nm, 675.8 nm at ! = 546!± 5 nm, and 672.17 nm at ! = 665 
± 22 nm. The fitting was made from the left side of the interference pattern; its right side 
near the deposited SiO2 structure was distorted due to the complex light scattering by the 
edge of the deposited wall.  After the BICM measurement, the sample was taken out from 
the chamber and dried to be imaged by the atomic force microscope (AFM) (Figs. 4.1.4g 
and h). The strong surface tension generated during the drying of the structures distorted 
the nanowire toward the bottom, as seen in Fig. 4.1.4g. The measured step height of the 
deposited structure was 681 nm (Fig. 4.1.4h). With consideration of the layers of dried 
solutes, the accuracy of our optical measurement was confirmed.       
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Figure 4.1.4. Calibration of BICM was performed using the partially deposited silicon dioxide 
structure. (a) schematic, (b–d) are transmission of the bright field image and BICM image of the nanowire 
leaning on the glass trench. schematic. (b–d) are illuminated with ! = 436, 546, and 665 nm of light, 
respectively. (e) shows the fitting of experimentally observed interference patterns in (b-d) with the 
equation (4.1.2). (g) shows the AFM image of the nanowire on the trench after drying the structures, and 
(h) depicts the trench height. The strong surface tension generated in drying the structures distorted the 
nanowire toward the bottom, as seen in g. The measured step height of the deposited structure was 681 nm 
(h).  
 
When the BICM with the monochromatic light illumination is applied to image the 
Brownian motion of the tethered nanowire, the high contrast interference pattern enables 
measuring the inclination angle (θ) at high angular (up to ~10-5 radian, corresponding to 1 
Å displacement of the free end of a 10 µm nanowire) and temporal (< 0.004 s) 
resolutions, wherein the MATLAB-based sub-pixel fitting performs pattern 
interpretation. Such information is impossible to obtain in a dark-field image (Fig. 4.1.5). 
The same objective lens was used for acquiring both BICM and dark field images. The 
dark-field image was acquired by using a dark-field cube to illuminate the sample at large 
incident angles and collected only the back-scattered light, while the interference image 
was acquired by using a beam splitter (50/50) with a narrow aperture. On the other hand, 
direct measurement of the azimuth angle (φ) at a high resolution (up to an order of ~10-5 
radian) was achieved by fitting the image of the nanowire with a single ellipse in the 
MATLAB software, similar to localization-based microscopic techniques. Thus, a single 
interference image measured both the inclined and azimuth angles simultaneously, 
enabling tracking of the 3D Brownian motion of the tethered nanowires accurately in 3D 
space (Fig.  4.1.6).  
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Figure 4.1.5.  Typical BICM images of a tethered silicon nanowire. Interpretation of these interference 
patterns into the inclined angle between the nanowire and a wall and ellipsoidal fitting with the whole 
nanowire’s shape enables tracking of the motion of in 3D. In contrast, such rich information cannot be 
obtained by dark-field microscopy (right bottom) (scale bar = 10 µm).  

 
Figure 4.1.6. The accurate tracking of 3D Brownian motion of tethered nanowires. This figure shows 
three different nanowires with different lengths. The developed methods enable the tracking at high spatial 
and temporal resolutions. 
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4.1.4a Experimental Result (Overall Behavior) 
The continuous measurement of the 3D Brownian motion of tethered nanowires 

revealed the length-dependent anisotropic reduction in their rotational diffusion, 
attributed to the complex hydrodynamic interaction (HI) between the nanowire and a 
substrate wall. Fig. 4.1.7a displays the typical angular mean-square displacements 
(AMSDs) of nanowires over long time. I observed that the AMSDs of all nanowires in 
both inclined and azimuth directions increase linearly at short time scales (< 0.1s). Their 
motions were diffusive and thus followed the general law of Brownian motion [1]:  

 
AMSDθ ,φ = Δθ 2,Δφ 2 = 2Dθ ,φΔt  (4.1.3) 

 
At longer time scales, the mean-square displacement reached a plateau, with large 
fluctuations. Although the exact nature of the tethering is not yet fully understood, the 
nanowires experienced a weak confinement that limits their diffusion at long time scales. 
Luckily, this weak confinement does not affect the study of the Brownian motion at short 
time scales, as explained in the following. The dynamics of the Brownian motion of a 
particle with a confinement can be described by a Langevin equation [2]:  
 

mx = −γ x +Fthermal +Fconfine(x)   (4.1.4) 
 

where the first term at the right side of the equation is the damping force, the second term 
is the random thermal force due to the collisions with molecules, and the last term is the 
force due to weak confinements. At short time scales, the effects of the thermal force 
dominate because the confinement is weak. At long time scales, however, the effects of 
the thermal force are averaged out because this force is random, while the effects of the 
weak confinement, most likely because of combined effects, including gravity, tether, 
and a wall, is deterministic. As seen in the histogram of the angle distribution of one 
example of tethered nanowire (15 µm) shown in Fig. 4.1.8a, their motion is indeed 
constrained near the wall, which results in the plateau at the long time scales. By 
applying the measured distribution in Boltzmann distribution [37]: 
 

e-Ep(θ)/kBT/(Σe-Ep(θ)/kBT)  (4.1.5) 
 

the shape of the constraining potential, Ep, is estimated, as shown in Fig. 4.1.7b. The 
shape of potential clearly demonstrates that a constraining force is acting on the 
nanowire. Such quantitative estimation indicates that each of the possible explanations 
contributes to this restriction in a complex manner. When estimating how long it takes for 
the nanowire to diffuse to move across the constraining potential from <Δθ2>=2DθΔt, 
where Δθ and Dθ are assumed to be 0.02 and 0.0002 (from Fig. 4.1.6), Δt is about 1 
second, correlating with the time scale in Fig 4.1.7a, which starts to show the plateau. 
Again, a weak confinement does not affect the short-time Brownian motion but affects 
the system at long time scales. The linear increase of the AMSD curves in Fig. 4.1.7 for 
the short time scales means the particles diffuse freely at short time scales. The well-
studied Brownian motion of microspheres trapped by optical tweezers also suffers similar 
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confinement, which affects the long-time behavior of the system but does not affect the 
short-time Brownian motion [38]. 
 

 
Figure 4.1.7 Measurement of overall angular mean-square displacements (AMSDs) of tethered 
nanowires and their rotational diffusivities. In (a), a double logarithmic plot of the overall AMSDs of 
sampled nanowires shows the diffusive behavior (∝ t, shown as black lines with slope 1) at short time 
scales (< 0.1 s). Red and blue circles are the azimuth and inclined AMSDs of a 9-µm nanowire, 
respectively. Squares are those of a 20-µm nanowire. Their positional data were taken at 250 Hz and 180 
Hz, respectively, for more than 30,000 frames. In (b), the rotational diffusivities of the free end of the 
nanowires in the inclined (D!, red circles) and azimuth (D!, blue circles) orientations shows a more 
significant hydrodynamic wall effect in D! in an anisotropic manner. A black curve is drawn with an 
analytical solution for free rotational diffusivity of a cylindrical rod (no wall). D!!and D! follow different 
power laws as a function of the lengths ~L-2.5 and ~L-3 in good approximation for the rods we observed 
(<6% and <3% errors, respectively). This power law causes more significant anisotropy in the rotational 
motion for shorter nanowires. The data were taken from 65 wires in total. 
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Figure 4.1.8. Weak confinement that creates the plateau in the AMSD at long time scales. (a) A 
typical distribution of inclined angles. (b) Estimated potential obtained from distribution (a).  
 
From the slopes, Δθ! = 2D!,!∆t, the angular diffusivities (D!,!) were obtained for the 
nanowires with lengths ranging from 5 to 25 µm. In Fig. 4.1.6b, compared to the 
numerically calculated free rotational diffusivity of a nanowire around one end, the 
measured rotational diffusivities showed hindered, anisotropic diffusion due to the HI 
with the wall  (numerical method is described in Section 4.1.5). The reduction in D! was 
larger than that in D! because a larger portion of reflected flows from the wall is directed 
back toward the wire, resulting in preferential reduction of the diffusion in the θ 
direction. The D! and D! follow different power laws as a function of the length, ~L!!.! 
and ~L!!, respectively, in pretty good approximation for the observed rods (< 6% and < 
3% errors, respectively), where L is the nanowire length. This power laws resulted in 
more significant anisotropy in the rotational motion for the shorter wires due to 
D!/D!~L!!.!. These results indicate that particles with smaller anisotropy experience 
more significant HI as they have a larger portion of length near the surface. 

 
4.1.4b Experimental Result (Short Time Scales) 

Although Fig. 4.1.7 revealed the overall diffusive behavior of the tethered 
nanowires, the fast and accurate BICM further enabled measurement of angle-dependent 
hydrodynamic interactions that dynamically change during the long diffusion. The 
overall trajectory for each nanowire used in Fig. 4.1.7 was sorted according to the initial 
inclined angle, θ!"!#, and the AMSD values were recalculated for each sorted data subset. 
At short time scales, the AMSDs sorted with a different θ!"!# increased linearly with 
different slopes. The slope of the θ!"!#!dropped as the θ!"!# decreased, as shown in Fig. 
4.1.9a and Fig. 4.1.9b for θ  and φ  directions, respectively. The angle-dependent 
diffusivities were then evaluated as the half slope of each sorted AMSDs: 

t
LD init Δ

Δ
=
2

),(
2θ

θθ . At sufficiently short time scales, they were approximately 

independent of tΔ  (< 0.05 s, see Fig. 4.1.9c and Fig. 4.1.9d), suggesting that their 
motions followed typical Brownian motion with the locally determined diffusivity. At 
longer time scales, the nanowires moved away from the initial angle, θ!"!#, to different 
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positions, experiencing different HIs and other confinement effects from environments. 
This resulted in the deviation from the original local!D!. Fig. 4.1.9e and Fig. 4.1.9f show 
the final results: the reduction in local D! was larger for shorter wire lengths and/or for a 
smaller initial inclined angle!θ!"!#. This tendency explains the more significant reduction 
seen in D! for shorter wires in Fig. 4.1.7b. In Fig. 4.1.9e and Fig. 4.1.9f, the experimental 
results (dots) and the simulated ones (curves), whose details will be explained in the 
following sections, were plotted together, showing excellent agreement with no fitting 
parameter. The measurement and analysis proved the dominance of the hydrodynamic 
forces in the system and demonstrate the powerfulness of the experimental and numerical 
approaches developed in this work. 

 

 
Figure 4.1.9 Measured and calculated diffusion dependence on both inclined angle and wire length. 
Example plots of sorted AMSDs in the inclined (a) and the azimuth (b) show the diffusive behavior at short 
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time scale (< 0.05 s), but at different slopes (diffusivity) depending on the initial inclined angle!θ!"!#. The 
sample data was of 9-µm nanowire and sorted according to the θ!"!# by every 0.02 radian. From top to 
bottom, θ!"!#!consisted of 0.19 (black), 0.09 (red), 0.03 (green), and 0.01 (blue) radians. (c) and (d) are the 
halves of AMSDs divided by time durations, showing that it is feasible to estimate the local diffusivity D! 
at the short time scales. The color and order of plots are according to those in (a), and (b), (e), and (f), are 
the inclined angle- and/or length-dependent D! of the tethered nanowires obtained from the slopes in (a) 
and (b). The results clearly show significant hydrodynamic wall effects when the wires move closer to the 
wall. (c) compares the measured angle-dependent rotational diffusivities (dots) and the numerically 
calculated ones (curves) at four different wire lengths. (d) compares the measured length-dependent 
rotational diffusivities for a large number of sample wires (dots) and the numerically calculated ones 
(curves) at two different θ!"!#. In both (c) and (d), experimentally measured diffusivity quantitatively 
agreed well with the calculated values without any fitting parameters.  
 
4.1.5a Numerical Model Development 

To fully understand the effect of hydrodynamic interactions in the system, a 3D 
hydrodynamic model based on a string-of-beads idealization of the system is developed, 
and the model is implicitly solved for the hydrodynamic velocity of each bead [16]. Here 
the basic idea of the model is introduced with Fig 4.1.10a, in which two beads, B1  and 
B2 , located at 


X1  and 


X2 , respectively, are considered the simplest case. When B1  

moves at a steady speed v1  (while B2  is stationary) in the Stokes’ regime, a steady speed 
v1H ,2  is induced at location 


X2 . B1 ’s motion thereby exerts a drag proportional to the 

induced velocity 
v1H ,2  on the bead B2  and thus causes its drift. If the bead B2  also moves 

at a translational velocity v2 , the hydrodynamic velocities of each bead (i.e., velocity of 
each bead relative to the velocity of its surrounding fluid) are given by the following 
implicit formulations [12]: 

 v1H =
v1 −
v2H ,1    (4.1.6) 

v2H =
v2 −
v1H ,2   (4.1.7) 

 
Generalization of equations (1) and (2) to N beads leads to the following: 
 

vi,H +
vjH ,i

j=1, j≠i

N

∑ =
vi    (4.1.8) 

 
The problem of hydrodynamic velocities of a system of N beads therefore is reduced to a 
system of linear algebraic equations that is solvable using standard methods (MATLAB). 
The input absolute velocities, 

vi , are given to individual beads composing the wire and 
wall, and constrain their shape with respect to each other. Especially for the tethered 
rotation, when a wire rotates at the angular velocity vw and the n -th bead composing a 
wire has distance rn  from the tether, the absolute rotational velocity of rn W  is given as 
input. 

In more detail, for calculating the real 3D model, if Bi  moves at a steady speed 
vi  

in the Stokes’ regime, its induced fluid flow at location 

Xj can be determined as radial (

vr _ i, j ) and tangential ( vθ _ i, j ) velocity with Eq. A and B, respectively:  
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vθ _ i, j = −
3a
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(4.1.10) 

 

where we define r12 =

X2 −


X1 = x, y, z{ }  and angle θij  by cosθij =

rij ⋅
vi

rij
vi

. 

Under this Stokes’ regime assumption, the general hydrodynamic relations between 
beads can be represented as follows: 
 vi, j = Tij

vi    (4.1.11) 
  (4.1.12) 
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When applying this representation to the generalized equation (4.1.8), the implicit 
hydrodynamic model of the system composed of N beads, Eq. (4.1.8) can be rewritten as 
the following linear algebraic equation to solve the hydrodynamic problem.  
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After obtaining the hydrodynamic velocity of each bead, the rotational friction coefficient 
ξrot , can be calculated. This ξrot reflects the complex hydrodynamic interaction with the 
wall. Because the translational friction coefficient for the spherical bead with diameter d 
in media having viscosity µw  is known as ξ0 = 3πdµw , the torque equation can be 
represented as: 
 

ξrotω0 =
rk ×ξ0

vkHk=beads∑   (4.1.14) 

 
where 

rk  is the position vector of the bead Bk  from the tether point. Finally, the 
rotational diffusivity is proportional to the inverse of the rotational friction coefficient: 
Drot = kBT /ξrot .   
 

 
Figure 4.1.10 3D hydrodynamic simulation of the nanowire diffusion near a wall. (a) The implicit 
solution for the hydrodynamic velocity, the velocity of each bead relative to that of its surrounding fluid, 
considers Stokes’ superposition of solvent flows efficiently (moving two beads is an example, causing 
multi-reflected complex flows between them. Due to its efficiency, the model can simulate very large 
systems, including the complex HI between the wire and a wall. (b) A schematic of the numerical models 
simulating the experiment, wherein the wire and the wall are expressed as a chain and a 2D array of beads, 
respectively. 
 
In performing numerical simulations, the extent of the bottom wall was increased until 
the calculation result was asymptotically converged (Fig. 4.1.11). To see the 
convergence, the system configuration was chosen for the largest wire length and the 
highest inclined angle (24 µm = 160 beads as the wire length and 0.2 radian for the 
inclined angle), which requires the largest wall matrix. If the calculation converges with 
this wire’s configuration, it will converge with all the other configurations (shorter 
wires/smaller inclined angles). !!  is the number of beads in the wall, extending 
perpendicular to the wire’s longitudinal direction (x-axis). !!! is the number of beads in 
the wall, extending in parallel to the wire’s longitudinal direction (y-axis) from the wire-
wall contact. !!! is the number of beads in the wall, extending in parallel to the wire’s 
longitudinal direction (y-axis) from the point 160 beads (wire length) away from the 
contact. So, the height of the wall is the sum of !!!, 160 beads as wire length, and !!!. 
In calculating the realistic system, !!! and !!! were set at 20 and 90, respectively, with 
which the calculation results converged at any !!. In increasing !!, the convergences of 
the calculated angular rotational diffusivities in both inclined and azimuth directions were 
confirmed in Fig. 4.1.11. The convergence in !! was much slower than that in !! and 
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therefore required a larger matrix. In this work, !! = 30 is used for caluculating the 
inclined angular diffusivity, !! , and !!  = 75 for calculating the azimuth angular 
diffusivity, !!. 
 One can come up with the question whether the single layer of the packed beads 
array is enough to simulate the wall that has assumedly infinite thickness. In other words, 
can fluids pass through the beads array such that the model is not sufficiently accurate? 
Regarding this question, the approximation of the bottom wall by a 2D sheet of the 
arrayed beads was good enough because the beads occupied ~80% of the area of the total 
bottom wall, as depicted in the drawing below, resulting in the strong correlation with our 
experimental systems whose diffusivities changed by more than 2 orders. I further 
confirmed that this ~80% occupancy is enough to achieve realistic simulation. When the 
distance between beads (d in the left figure) is changed, I clearly see the convergence of 
the calculated rotational diffusivity as d moves closer to 2r, the diameter of beads, as 
shown in the right of Fig. 4.1.12. This result confirms that approximation of the beads’ 
assembly is valid to represent a monolithic plate. Note that due to the very low Reynolds 
number, even a more sparse bead placement on the bottom induces strong friction and 
prevents the fluid from penetrating the bottom (in the model). This has already been 
shown in various setups. 
 
 

 
Figure 4.1.11 Convergence of modeling result made by extending the bottom wall dimensions. Larger 
dimensions were needed to see the convergence in D! because the fluid motion induced by the wire’s 
motion in azimuth directions is largely directed to the azimuth directions and the fluid reflection by farther 
beads affect the calculated rotational diffusivity, making it difficult to calculate in terms of computer 
resources. 
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Figure  4.1.12 Validation of the arrayed beads’ approximation for representing the monolithic glass 
wall. Convergence was confirmed when the distance of the beads became smaller, confirming that the 
approximation of the wall with the dense beads’ array was valid. 
 
4.1.5b Implicit Simulation Results 

This string-of-beads–idealization and implicit 3D-simulation approach simplifies 
the numerical calculation considering only the Stokes drag between the individual beads, 
which is justified because the solution of the relative velocity includes the effect of the 
multi-reflected Stokes flow. The model is much more efficient than the molecular 
dynamic simulation, which is incapable of modeling such large systems. In addition, 
there is no existing analytical solution for the hydrodynamic interaction between the 
anisotropic object with a simple wall due to its complexity. The model is first tested by 
simulating the free rotational angular diffusivity of a thin rod around its center as a chain 
of beads in 2D space. As shown in Fig. 4.1.13, the numerical results agreed well with a 
well-established analytical approximation [28]: 

 

  (4.1.15) 

 
The model is then extended into 3D space to study the hydrodynamic wall effects by 
representing the wall as a 2D array of beads and the tethered wire as a chain of beads 
(Fig. 4.1.10b). By assuming the θ at 0.05 radian, the estimated average from the 
experiment, both D!  and D! , are plotted in Fig. 4.1.14 as blue and red circles, 
respectively. The black circles are the numerically calculated free rotational diffusivity of 
the tethered wire around its end, D!"#  (without a wall). Inset in Fig. 4.1.14 is the 
anisotropy in diffusivity, !D!/D! . The result showed good agreement with the 
experimental results, validating the effective modeling of the hydrodynamic interaction 
with a wall.  

Drot =
kBT
ζrot

= kBT
πµw L3 / 3ln(L / d)− 0.5{ }"# $%
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Fig. 4.1.13. Comparison between the analytical approximation and the beads model for the rotational 
diffusion of the free nanowire around its center. Analytically approximated and numerically calculated 
free rotational diffusivity of the nanowire. The analytical solution for a thin rod is given with equation 
(4.1.15), plotted as a red curve. The numerical result calculated by the hydrodynamics model is plotted as 
black circles and shows the good agreement with the analytical curve, proving that our hydrodynamic 
model correctly considers complex intrinsic HI. 
 

 

 
Figure 4.1.13 Comparison between the inclined and azimuth angular rotational diffusion 
(simulation). The calculated results of the implicit hydrodynamic bead model. The black circles are free 
rotational diffusivity of the tethered wire around its end, D!"#, numerically calculated using our developed 
bead-model (without a wall). The blue (D!) and red (D!) circles are also the numerically calculated 
rotational diffusivities for the tethered wire in the inclined and azimuth directions, respectively (with a 
wall). The black curve is the analytically approximated rotational diffusivity of the nanowire around one 
end in bulk, D!/D!, for comparison (without a wall, see equation in Supporting Fig 6). The inset plots the 
diffusional anisotropy (D!/D!). Here, the inclined angle is assumed to be 0.05 radians.  
 
The most important calculation is the one to follow. Because the nanowire experienced 
different θ during the long time diffusion, I performed a comprehensive calculation of D! 
for a wide range of wire lengths and θ. The free rotational diffusivity of the tethered wire 
around its end, D!"# , was also calculated for normalization. From the calculated 
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hydrodynamic wall effects visualized in Fig. 4.1.15, we can see the HI become 
increasingly significant as the wire lengths and/or the θ decrease, which quantitatively 
correlated strongly with our experimental observations. 
 

 
Figure 4.1.15 The inclined angular diffusivity of the tethered wire with different lengths and with 
different inclined angles, !!(!!"!#, !), comprehensively calculated in the developed 3D beads model 
(normalized by the rotational diffusivity calculated for a free nanowire around one end,!!!"#(!)). The 
simulation result shows significant hydrodynamic wall effects when the wires are shorter and/or closer to 
the wall, which quantitatively corresponded strongly with the experimental observations. 
 
In the experiment, I found that the reduction in rotational diffusivity—due to the 
hydrodynamic interaction with a wall—is more significant for short wires than for long 
wires. This is because its large volume is very close to the wall. Using the developed 
numerical model, I calculated the relative fluid velocities (hydrodynamic velocities), 
which individual beads composing the wire experience, as shown in Fig. 4.1.16. This 
hydrodynamic velocity is equal to the hydrodynamic drag that individual beads 
experience when the slender body rotates at a constant speed. It is easily observed that the 
beads near the tether experience a significant hydrodynamic wall effect and, in total, 
short wires should experiences larger wall effect. 
 
 

 
Figure  4.1.16 The inclined angular diffusivity of the tethered wire with different lengths and with 
different inclined angles, D!(θ!"!#, L), was comprehensively calculated in the developed 3D beads-model 
(normalized by the rotational diffusivity). 
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For a comprehensive analysis of HI, we also calculated D! with several sets of the wire 
lengths and !. As expected from the results in Fig. 4.1.7b, the effects of HI on D! were 
less significant than that on D!  (Fig. 4.1.17). Consequently, the anisotropy in the 
hydrodynamic effect becomes quite significant when θ!"!#  approaches zero. It might 
contribute to the efficient functioning of diffusive motor proteins such as kinesin and 
F1F0-ATPase beside walls [15, 40, 41]. In general, the observed HI should also affect the 
near-interface diffusion of anisotropic biological objects, including the cells and 
filamentous macromolecules [7-16]. Extending our numerical approach to study the 3D 
motion of semi-flexible objects is straightforward [16] and I thus believe that it can also 
simulate the near-interface HI in these biophysical systems.  
 

 
Figure  4.1.17 Comparison between the inclined and azimuth rotational diffusion (simulation). Using 
the developed hydrodynamics model, I calculated both inclined and azimuth rotational diffusivity of the 
sample nanowires of 9 µm and 11 µm in length. The hydrodynamic drag by the wall results in a reduction 
in the diffusivities when the nanowire approaches the wall. As expected from the experiment, the effect 
was clearly less significant on D!, than on D!, resulting in the highly anisotropic diffusion of the tethered 
wires. 
 
4.1.6 Summary and Future Directions 

This work developed two new technologies: the Mie resonance-enhanced 
backscattering interference contrast microscopy and the string-of-beads–based implicit 
hydrodynamic 3D numerical modeling. These new techniques enable the study of the 
Brownian motion of tethered nanowires with high spatiotemporal resolutions, offering 
fundamental insights for understanding the near-wall diffusion of slender particles. These 
developed technologies revealed anisotropic power-law dependence of the rotational 
diffusivity on the particle length: the rotational diffusivity follows L-2.5 and L-3 in the 
inclined and azimuth directions. Also, these methods enabled both experimental and 
numerical observation of the angle-dependent rotational diffusion due to the 
hydrodynamic interaction (HI) with a wall. Finally, I proved the accuracy of our 
simulation and the significant contribution of the HI via the good agreement of 
experimental results with the simulation results. 

The novel interferometry technique, along with the versatile calculation method, 
provides a powerful platform for studying interfacial microrheology of various soft 
condensed matters, including the biological particles near cellular and artificial 
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membranes [15, 40-42]. For the nanomaterial self-assembly on a substrate, the 
quantitatively validated string-of-beads model is an efficient tool for optimizing the 
conditions that potentially reduce the position inaccuracy caused by the thermal 
fluctuation and hydrodynamic forces [17-20]. In the near future, use of ferromagnetic 
nanowires will enable active interfacial microrheology and further explore the rich 
dynamical response of fluids near surfaces [43-45]. 
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4.2 Axial Plane Optical Microscope 
 
4.2.1 Optical Sectioning Microscopes: Confocal and Light-Sheet 
Illuminations  

The ideal microscope can collect the light photons that come from only the focal 
plane onto a detector plane. In reality, however, the detector cannot avoid collecting the 
light from sources outside the focal plane. Therefore, if the sample to observe is too thick, 
the projected image of the objective’s focal plane on the detector suffers from high 
background noise. To address this issue, there have been significant advances in optical 
sectioning microscopy to enable taking high-contrast (high signal-to-background ratio) 
images of the objective lens’s focal plane deep within a thick sample. Good performance 
of the optical sectioning, especially with fluorescence signals and conventionally in z 
resolution, is of great importance in the field of biological research and biomedical 
diagnosis because the stack of the high-contrast two-dimensional (2D) images from 
different focal planes produces the 3D reconstruction of a sample [1]. 
 In fluorescence microscopy, fluorophores outside the focal plane can create 
background noise in the detector plane if they are illuminated with excitation light. Thus, 
fluorescence sectioning can be improved with engineered illumination specific to only 
the focal plane. Among the many techniques currently employed, the most widely used 
optical sectioning method is a confocal scanning microscope [2-6]. The confocal 
scanning microscopy utilizes a pinhole at a conjugate focal plane to create the point light 
source in the sample and utilizes another pinhole to filter out light from sources outside 
the focal plane to improve optical sectioning (Fig. 4.2.1a). Light sheet fluorescence 
microscopy, or selective-plane illumination microscopy (SPIM), is a more recently 
developed optical sectioning microscopy method wherein a slice of an intact 
fluorescently labeled sample can be imaged with a thin laser light sheet illumination from 
the side [6-14]. In this method, at least two objective lenses are needed near the sample 
and are aligned at a 90° angle, one for illumination and another for detection. In other 
words, only the focal plane of an objective for detection is illuminated, using a laser 
focused in one direction by another objective for illumination (light-sheet) (Fig. 4.2.1b).  
 
 

           
Figure. 4.2.1 Schematic of laser-scanning confocal microscope (a) and selective plane illumination 
microscope (b).  
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Compared to the laser scanning confocal microscopy, the SPIM has both advantages and 
disadvantages. In illumination for the excitation of fluorophores, the confocal microscopy 
focuses the light from the single objective’s direction, which still cannot avoid excitation 
of fluorophores in the out-of-focus plane and causes background noise and 
photobleaching there. On the other hand, because SPIM excites only the fluorophores 
within the light-sheet illumination, it does not cause any background noise or out-of-
focus photobleaching. In the collection aspect, although the confocal microscope requires 
point scanning by mechanically moving the objective and collecting signals by single 
photon detectors, the SPIM allows wide field image collection on the detector plane in a 
camera. Consequently, the SPIM allows for faster imaging and reduces total 
photobleaching of thick samples by orders of magnitude. Due to the afore-mentioned 
higher single-to-noise ratio, the contrast and resolution of SPIM can exceed even that of 
confocal microscopy in large samples [6]. 

 
On the other hand, a major disadvantage of SPIM, is that it requires two or more 

objective lenses near the sample at two perpendicular axes, one for illumination and 
another for signal collection [6-14]. This limits the shape of the samples, the NA of the 
objectives, and thus the general applications of SPIM. Because two objectives are aligned 
close to each other, the sample needs to be small enough to be placed in the small space 
between the objectives. One solution is to reduce the NA of the objectives to have a 
longer working distance, but doing so is equivalent to scarification of the images’ 
resolution. Also, if the sample is too wide, the light sheet cannot penetrate over the whole 
section. For example, although SPIM successfully imaged a small fish embryo or brain, it 
did not image larger animals’ tissues, such as centimeter-scale mouse brains, because the 
light penetration at visible range is limited. Furthermore, a high NA objective is difficult 
to use in SPIM, especially for light-sheet creation, because such lenses are too large to be 
aligned to the similarly large NA objective within their small working distance.  

 
4.2.2 Axial Plane Microscope 

 
A wide-field optical microscope typically captures 2D images of samples’ cross-

sections within the objective’s focal (normal) plane (Fig. 4.2.2a) [15]. For some 
applications such as imaging cortical neurons of a live brain [16] or studying 
mechanotransduction [17], and mechanical properties of cells [18], however, the main 
plane of interest is perpendicular to the sample surface and parallel to the objective’s 
optical axis (Fig. 4.2.2b). Currently, such axial plane images can be reconstructed from a 
series of sliced normal plane images taken by optical methods such as confocal 
microscopes, which are limited in temporal resolutions [2-6, 20]. In principle, axial plane 
images can also be obtained by holographic techniques [21-23], but they require coherent 
light signals and are not applicable to incoherent fluorescent signals, critically limiting 
their applications in biology. 
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Fig. 4.2.2 Axial Plane Optical Microscope enables the selective plane illumination microscopy with a 
single lens near the sample. (a) and (b) depict the normal and axial plane defined relative to the optical 
axis of the imaging objective lens. As shown in (c), the APOM allows the single objective lens to 
illuminate the light-sheet in the sample and collect the signals to form a axial plane image of the excited 
fluorophores. 

 
If optically direct imaging of an axial plane in microscopy is possible, it has immediate 
and highly influential application in SPIM. As shown in Fig. 4.2.2c, the single objective 
can be used to illuminate the fluorescent sample with a light sheet and then collect the 
emission from fluorophores within the sheet, directly as an image. Thus, the APOM 
enables single-lens SPIM and removes the limitations of the conventional SPIM (i.e., the 
sample shape and the NA of the used objectives).   

This work proposes the idea of an axial plane optical microscope (APOM), and 
the APOM experimentally demonstrates the scan-free imaging of scattering and 
fluorescent samples. The current APOM setup achieves sub-micrometer resolution 
imaging over more than 70 µm × 70 µm field of view in the axial plane. The APOM is 
fully compatible with conventional wide-field microscopes, enabling fast, simultaneous 
acquisition of orthogonal combination of wide-field images (lateral + axial) of three-
dimensional (3D) samples. Furthermore, 3D imaging fluorescent pollens and mouse brain 
slices using the single-lens SPIM is demonstrated. This single-lens SPIM will become an 
important breakthrough in a wide range of fields, including 3D tissue imaging, image-
based flow cytometry, and in vivo single molecule fluorescence studies. 
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Fig. 4.2.3 Optical setup of the APOM. (a) Schematic of the APOM setup. The APOM contains one 
objective lens (OBJ1) near the sample for both illumination and signal collection, and a remote objective 
lens (OBJ2) for forming an aberration-free 3D image around its focal regions. This 3D image is reflected 
by a mirror (M1) tilted by 45° with respect to the optical axis of OBJ2.  Part of the reflected light is 
recollected by OBJ2 and forms an axial plane image of the sample. The light that transmits through BS2 
forms a lateral plane image of the sample.  BS1 and BS2 are beam splitters. L1, L2, L3, L4 are achromatic 
lenses. 

  
 As shown in Fig. 4.2.3, one objective lens (OBJ1, 100× , NA=1.4, oil immersion) 
is used near the sample for both illumination and image collection, and another identical 
objective lens (OBJ2) is used far away from the sample for forming a 3D optical image 
above. A 45°-tilted mirror (M1) placed at the focus of the remote OBJ2 transforms the 
axial cross-section to the lateral cross-section of this remote OBJ2. The axial plane image 
of the sample is thus formed at the image plane of the remote OBJ2 and collected by a 
CCD camera (ray tracing simulation of the imaging principle of APOM shown in Fig. 
4.2.4 and the effective pupil of APOM is also shown in Fig. 4.2.5). This direct optical 
imaging requires no scanning or computation, and is thus inherently fast. In principle, the 
mirror M1 can be placed at any arbitrary angle from 0° to 45°, and be rotated around the 
optical axis of the remote objective to achieve arbitrary plane imaging. In the current 
experimental set-up, the pair of identical objective lenses to form the 3D image above 
OBJ2 without the spherical aberration experienced by optical signals from points outside 
of the focal plane of the first objective [24-26].  The small working distance of the high 
NA objective (about 0.13 mm) requires the 45° mirror with clean reflective surface and 
straight edge. This high quality mirror can be created by coating aluminum on cleaved 
silicon wafers with an atomically straight edge. Aluminum is superior to other materials 
such as silver and gold since it is more resistant to oxidation than silver and better optical 
(reflective) property than gold. In more detail, the two identical objectives used in the 
optical setup utilizes are Zeiss Plan-Apochromat 100×  NA 1.4 oil immersion objective 
lenses. The tube lenses (L1, L2, L3, L4) are f=150 mm doublet achromatic lenses, BS1 is 
a 90% reflection beam splitter, and BS2 is a 50% beam splitter. The tilted mirror M1 is a 
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cleaved silicon wafer coated by about 150 nm of aluminum. The cleaved silicon wafer is 
used because it has a very straight and shape edge, so providing the ideal mirror placed 
with an angle at 45 degree as respected to the optical axis of the OBJ2. This tilted mirror 
converts the image in the axial plane of OBJ2 to an image in the normal plane of OBJ2.  
 
 

 
Fig. 4.2.4 The ray tracing simulation by Zemax demonstrates the principle of APOM. Three object 
points placed on the optical axis of the objective lens (OBJ1) near the sample are imaged to the lateral 
plane of the detector. OBJ1 and OBJ2 are identical objective lenses. M1 is a mirror tilted by 45° with 
respect to the optical axis of OBJ2. BS1 and BS2 are beam splitters. L1, L2, L3 are lenses with the same 
focal length. The separation between the object points (Δ) is magnified by a factor M, which is the ratio of 
the focal length of L3 over the focal length of OBJ1. In the simulation, all optical components are assumed 
to be aberration free. The back focal point of OBJ1 overlaps with the focal point of L1; the focal point of 
L1 overlaps with the focal point of L2; and the focal points of L2 and L3 overlap with the back focal point 
of OBJ2. As shown in the inset, the tilted mirror converts the image in the axial plane of OBJ2 to an image 
in the lateral plane of OBJ2. 

 

 
Fig. 4.2.5 Effective pupil of APOM, The left subfigure shows a 2D schematic diagram of the effective 
pupil in OBJ2 due to signal loss at the 45º mirror. The half-cone angle of the objective lens for signal 
collection must be greater than 45 degree, corresponding to 0.71 NA in air and 1.07 NA in a n=1.52 oil. 
The classical scalar diffraction theory is inaccurate in this high NA regime and thus we used the vector 
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diffraction theory that properly deals with high aperture systems. An effective 3D pupil function in APOM 
(NA = 1.4, n = 1.52) is first determined by considering the reflected beam path from the tilted mirror back 
to the exit pupil. The right subfigure shows the 3D effective pupil area of APOM. This is used to 
numerically estimate the intensity PSF of APOM. 

 
4.2.3  Proof-of-Concept Imaging and Characterization of Resolutions 
The APOM enables direct high-resolution axial plane imaging of a sample over a large 
field of view (Fig. 4.2.6). To understand the resolution limit of APOM, the intensity point 
spread function (PSF) of APOM is calculated with a vector diffraction theory [24, 25] 
that treats a high NA optical system accurately (Fig. 4.2.6a). For comparison, the PSF of 
a conventional microscope along the z-axis is also calculated, although the conventional 
microscope cannot image the axial plane directly. The calculated full-width at half-
maximum (FWHM) of the PSF of APOM in the axial direction is similar to that of a 
conventional microscope in the axial direction for high NA objectives as shown in Fig. 
4.2.7. For the NA of both objectives of 1.4, which is used in the current setup, the full-
width at half-maximum (FWHM) of the PSF of APOM is 641 nm along the z-axis and 
255 nm along the x-axis (Fig. 4.2.6a) for the wavelength of 546 nm. The experimentally 
measured FWHM of a gold nanoparticle of 150 nm diameter is about 770 nm along the z-
axis, agreeing with the vector diffraction theory (Fig. 4.2.6b and Fig. 4.2.6c). The field of 
view of APOM is limited by how much the objective OBJ2 can cancel the aberrations 
caused by objective OBJ1. To study this field of view, a test sample with a nano-hole 
array with a period of 7 µm perforated in a gold film (Fig. 4.2.6d) is fabricated and 
imaged. The nano-hole array is placed in the axial plane of the 100×  objective OBJ1 
using the triangular prism under a wide-field illumination. The illumination light is from 
a tungsten lamp as shown in Fig. 4.2.3. Fig. 4.2.6e shows the image of 70 µm ×  70 µm 
nano-hole array well-resolved by the APOM with negligible distortions over the entire 
array, confirming that APOM is well suited to directly image the axial cross-section of 
large samples. The axial field of view of APOM is much larger than the depth-of-focus of 
the identical objective used in conventional microscopy, typically less than 1 mm. Further 
improvement is feasible with phase correction elements such a spatial light modulator.  
 
 

Fig. 4.2.6 Proof-of-concept of APOM demonstration (a) The x-z section of the calculated intensity point 
spread function (PSF) of the axial plane image when NA=1.4, oil immersion (n=1.52) objectives are used. 
The optical signal from the specimen is assumed to be unpolarized light with a wavelength of 546 nm. (b) 
Measured axial plane image of a 150 nm diameter gold nanoparticle placed near the focus of OBJ1. (c) 
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Profiles of the PSF in the axial direction. The black squares are measured profile of a 150 nm gold 
nanoparticle in the axial direction, while the red curve is the theoretical profile of the PSF.  (d) The axial 
plane optical image of a 70 µm ×  70 µm nano-hole array with a period of 7 µm. The nano-hole array is 
placed parallel to the optical axis of OB1. Wide-field light from a tungsten lamp is used for the 
illumination. (e) A SEM image of the nano-hole array used for calibration of the APOM. The period of the 
array is 7 µm, and the diameter of each hole is 500 nm. The nano-hole array is fabricated by a focused ion 
beam (FIB) on a 150 nm gold film deposited on a glass coverslip. The small defects (bright spots) near the 
right top corner and the left bottom corner of the nano-hole array are also visible in the optical image taken 
by APOM (main text Fig. 1e).  In the imaging experiment, the fabricated sample was aligned to be parallel 
to the optical axis of the objective lens OBJ1, and also be parallel to the edge of the titled mirror M1. The 
sample was placed in the index-matched oil of the oil-immersion objective lens for imaging. The nano-hole 
array was fabricated and used for demonstrating the distortion-free large-scale axial plane imaging.  
The scale bars in (b) and (c) are 1 µm, and the one in (e) is 10 µm. 
 

 
Fig. 4.2.7 Calculated FWHM of point spread functions. Calculated FWHM of the PSF of APOM and a 
conventional wide-field microscope (CM) along the x and z axes as a function of the NA of objective lenses 
for the wavelength of 546 nm. Note that a CM cannot image the axial plane directly. We calculate the 
FWHM of the PSF of a CM for comparison only. The PSF is not symmetric along the x and z axes for both 
APOM and CM’s. The resolution of APOM approaches that of CM for high NA objective lenses.To predict 
theoretical intensity point spread function (PSF) of APOM for an unpolarized point object (λ = 546 nm), 
multiple double integrals consisting of the vector Debye integral [16, 17] over the derived effective 3D 
pupil area, is numerically evaluated in MATLAB. For such a numerical simulation, it is assumed that the 
objective lens satisfies the Abbe’s sine condition and the whole system is aberration-free. 

 
4.2.4 Demonstration of 3D Imaging of Biological Samples 

For thick fluorescent biological samples, the APOM naturally enables selective-
plane illumination microscopy (SPIM) [6-14] with a single objective lens near the 
sample, enabling axial plane fluorescence imaging with high contrast and throughput 
(Fig. 2). Here I would restate that, despite its aforementioned advantages over the 
scanning confocal microscopy, the configuration of closely configured objectives has 
limited the size of the samples, NA of the objectives and thus its general applications. For 
example, it has been hard to apply SPIM for imaging large mouse brains and potentially 
for endoscopic purposes. In contrast, the APOM uses only single high NA objective lens 
near the sample for both selective plane illumination and image collection. As shown in 
Fig. 4.2.8a, a thin light sheet is illuminated parallel to the optical axis of the objective 
lens. In this work, the light sheet is a 532 nm laser beam with thickness ~2 µm. The light 
sheet is generated by passing a laser through a pair of cylindrical lenses (f= 15mm and f= 
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200mm). A thin slot was also utilized to further reduce the thickness of the light sheet. As 
a demonstration, this APOM with the light-sheet illumination is applied to imaging 
autofluorescent pine pollens (Fig. 4.2.8b). The pollens are intact samples prepared for 
conventional wide-field microscopes, which embedded in a polymer (purchased from 
Carolina Biological Supply Inc. (Burlington, USA)). Fig. 4.2.8b is a lateral plane epi-
fluorescence image of the pine pollen under wide-field illumination, resulting in low 
contrast due to the background fluorescence from out-of-focus. The illumination light for 
Epi fluorescence microscopy is from a mercury lamp for the normal planes images of 
fluorescent pollens. For fluorescent imaging, a long pass dichroic beam splitter and a 
band pass filter is placed in front of the camera to block the illumination light while 
letting the fluorescent signal pass through. The camera used for taking the fluorescent 
images is a Luca EMCCD camera from Andor. In the case of the APMM the axial plane 
images (Fig. 4.2.8c-e) shows very high contrast. The shell and hollow structures of the 
pollen with feature size ~ 1 µm are clearly imaged.  

 

 
Fig 4.2.8. Lateral and axial plane autofluorescence images of a pollen taken by the APOM. (a) For 
high-contrast axial plane imaging, the sample is illuminated by a thin laser sheet through the same objective 
lens (OBJ1) used for image collection. The laser sheet is generated by a pair of cylindrical lenses placed 
before the objective lens. The width of the laser sheet is about 2 µm. (b) A lateral plane image of a pollen, 
taken by a wide-field illumination using a mercury lamp. (c), (d), (e) Axial plane images of three different 
cross-sections of the pollen as labeled in (b). The axial plane images have much higher contrast and better 
resolved features than the normal plane image because of the optical sectioning by light-sheet illumination. 
The scale bars are 20 µm. 
 

Because APOM uses only single objective near the sample for SPIM, it requires 
no special sample preparation and is thus particularly suitable for imaging the structures 
along depth beneath the surface of large samples, for example, the cerebral cortex of 
living mammal brains [27]. As a demonstration, the single lens SPIM is used to image 
fluorescently labeled centimeter-scale mouse brain slices (Fig. 4.2.10a), where the 
conventional SPIM with multiple objectives installed near the sample [6-14] is very 
difficult to apply. Fig. 4.2.10b shows its lateral epi-fluorescence image, and Fig. 4.2.10c 
and Fig. 4.2.10d are high-contrast axial plane fluorescence images of the same brain slice 
with light-sheet illumination. Here light sheet illumination is applied perpendicular to the 
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image plane of Fig. 4.2.10a. Again, the axial plane images shows clearly higher contrast 
and better-resolved features much better than the lateral image because of optical 
sectioning property. Moreover, only by scanning the sample along the y-axis, a series of 
axial plane images is taken and easily stacked together to create a 3D image efficiently. 
For stacking, open source software imgej was utilized. Fig. 4.2.10e and Fig. 4.2.10f are 
the reconstructed 3D fluorescence image of two different mouse brain slices with 
different fluorescence labeling, which express dense and sparse brain structures, 
respectively [28, 29]. Different from laser scanning confocal microscopy, the APOM 
directly obtains 2D axial plane image without scanning, and a 3D image by scanning 
along only one direction, thus achieving less damage and higher contrast while avoiding 
the limitation in the sample size, NA of the objectives. In this brain imaging 
demonstrations, two kinds of fluorescently labeled brain sections shown in Fig. 4.2.10 
were gifted by Dr. Kazunari Miyamichi and Dr. Hongfeng Gao, respectively. A sample 
shown in Fig. 4.2.10b-e is a brain slices with ~30 µm thickness, prepared from a Thy1-
GCaMP3 mouse. The sample cells genetically expressed GCaMP3 proteins are 
immunostained using GFP antibodies conjugated with Cy3. The other sample shown in 
Fig. 4.2.10f is another brain slices with ~60 µm thickness from a transgenic mouse and 
labeled with td-Tomato. The APOM images axial cross-sections of the sample directly. 
To reconstruct a 3D image, the brain section was moved along y-axis in step of 0.5 µm by 
a motorized translation stage. The series of axial plane images are then stacked together 
to generate the 3D image. 
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Fig. 4.2.9. Fluorescence imaging of large mouse brain sections by APOM with selective plane 
illumination. (a) A picture of the glass slide with centimeter-scale mouse brain sections embedded in a 
polymer whose optical index is matched for the objective lens. No special sample preparation is required 
for APOM. (b) A normal plane image of the brain slice in the region as labeled by a green square in (a). 
Axial plane images of two different cross-sections of the brain slice as labeled in (b) are shown in (c) and 
(d). (e) and (f) are two 3D fluorescent images of mouse brain sections obtained by stacking series of axial 
plane images together.  (e) shows a dense regime while (f) shows a more sparsely stained one. The scale 
bars are 10 µm in (b-d) and 20 µm in (e-f), respectively. 
 

In addition, I examined the possible distortion in the PSF induced by scattering 
media such as biological tissues. In the experiment (Fig. 4.1.10a), green fluorescence 
beads with 200 nm diameter were placed on the previously mentioned brain sections. The 
index-matched oil was placed on the brain section to minimize the index mismatch 
between the brain section’s optical index and the oil. In this configuration, the light sheet 
that had passed through the brain section excited the beads, and its emission was 
collected after it passed through the same section. Despite the remaining mismatch in the 
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optical index, a relatively good axial resolution of 1.19 µm was achieved in the PSF of 
the beads as shown in Fig. 4.2.10b, confirming the robustness of APOM. 
 

 
Figure 4.2.10. Profile of a fluorescent bead after a 75 µm-thick brain slice. When APOM is used to 
image thick biological samples, the resolution may degrade due to the mismatch in the refractive index and 
the light scattering in the biological sample. The profile of a 200-nm (in diameter) green fluorescent bead 
on top of a 75 µm thick brain section is measured. The fluorescent beads were placed on the surface of a 
glass cover slip on the brain section, where immersion oil was placed on top of the brain slice to make sure 
there was no air gap between the brain section and the fluorescent bead (a). The measured FWHM of the 
bead is about 1.19 µm in the axial direction (b). This shows that we can obtain high-resolution images of 
thick biological samples with APOM.  
 
4.2.5. Summary and Future Directions 

This section showed the successful development of a novel microscopy, APOM, 
which is capable of directly imaging the axial plane cross-sections of various 3D samples 
with no scanning. With a laser sheet illumination through an objective near the sample, 
the APOM enables fast, high-contrast, and convenient 3D imaging of thick biological 
samples such as pollens and brain slices, as demonstrated in this work. Again, in this 
configuration, only one high NA objective near the sample can work for both 
illumination and detection. The axial plane image can be acquired with negligible 
distortion over a large field of view (> 70µm ×  70 µm), which is much larger than the 
depth of focus in conventional optical microscopy. The single-lens SPIM enabled with 
APOM is particularly important because it solves the biggest disadvantage of 
conventional SPIMs over the established laser scanning confocal microscopy for the 3D 
imaging: it requires no special sample preparation or limit for the NA of the objective 
lens used (see Fig. 4.2.12). This breakthrough sheds new light on the general microscopy 
fields and opens a new avenue for many exciting biological applications such as direct 
imaging of a living brain from its surface—or potentially inside by endoscopes. In 
addition, the light sheet from the single high NA objective lens can be thinned down 
further to reduce the excitation volume and consequently increase signal-to-background 
ratio, which enables fast and convenient imaging of single fluorescent molecules [30-32].  
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Fig. 4.2.11. Fluorescence imaging of large mouse brain sections by APOM with selective plane 
illumination. 
 
Finally, it is possible to further improve the APOM in several ways. The simplest way to 
increase axial resolution is to replace the currently used objective lenses with larger NA 
lens. Such objective lenses, with 1.49 NA, are commercially available and should 
improve the axial resolution of APOM to about 450 nm for the wavelength of 546nm 
(Fig. 4.2.8). The field of view can be enlarged to about 200µm ×  200 µm without 
decreasing the resolution by using commercially available 40×  and 1.4 NA objectives 
and can be further improved by phase correction with spatial light modulation. In 
addition, the tilted mirror can be rotatable to achieve arbitrary plane imaging [33]. 
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4.3 Optofluidic 3D Printing 
 

This final idea of optofluidic 3D printing shares the optical path uniquely 
developed for the axial plane optical microscope. This work is thus an extension of the 
work of bio-imaging introduced in Section 4.2 but is separately introduced in this section 
because it is of great importance in a different field. 
 
4.3.1 Optical Lithography for 3D Material Synthesis  

Thanks to the high controllability of light, lithography technologies formed the 
basis of micro- and nanotechnology evolutions. One of the driving forces for current 
technological developments is to create 3D structures at higher resolution and higher 
throughput. The so-called 3D printer is now expected to create a personalized 
manufacturing industry as a trend in industry because individuals outside companies can 
design and make products at home due to the cheapness of the printers [1]. More 
traditionally, optical lithography-based 3D printing has been called stereolithography 
(SL) [2-11], and its evolved version is the two-photon lithography (2PL) [12-20]. 

SL is an additive manufacturing process: (1) SL utilizes UV-curable photoresist, 
and a UV laser fabricates layers of the various parts, one at a time. For each layer, the 
laser beam exposes a cross-section of the parts’ pattern on the surface of the liquid resin, 
curing and solidifying it into the exposed pattern; (2) the SL’s projection system moves 
up by a distance equal to the thickness of a single layer, typically tens to hundreds of 
micrometers; (3) Then, a fresh photoresist layer is added. By repeating processes (1)–(3), 
3D structures are created. After it is built, the parts are immersed in a chemical bath to be 
cleaned and further UV-solidified. Meanwhile, 2PL essentially applies the nonlinear 
photon absorption process to the SL. The reason SL requires the additive process is the 
issue of background (un-needed photo-polymerization outside the focus plane). Because 
typical SLs utilize relatively low NA lenses, the background issue is severe. In contrast, 
the nonlinear two-photon absorption process can happen only when the light is most 
intensified at the exact focus and thus is quite free from the background issue. As a result, 
the 2PL can achieve direct laser writing at very high resolution in the photoresist without 
the additive process.  

Despite the solid advance of both SL and 2PL, the intrinsic disadvantage of these 
batch-based technologies is their limited throughput. The scalability of products is 
physically defined with the batch size, limiting their application in making more or larger 
structures. The missing structure includes infinitely long fibers that have great potential 
application in photonics and biomedicine, or a massive number of microparticles for 
biomedical diagnosis. 
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Figure 4.3.1 Stereolithography (a) and comparison of one-photon and two-photon lithography (b). 
Two-photon absorption dramatically reduces the volume where photochemical reaction occurs, improving 
the resolution of photolithography and removing the layer-additive process used in stereolithography. 
 
4.3.2 Optofluidic Lithography  

Optofluidic lithography (OL) was first demonstrated by P. Doyle’s group in 2007 
[21] and is a technique for optically synthesizing free-floating microstructures in 
microfluidic channels [22-25]. Projected 2D light patterns through an objective lens 
below the fluidic channel polymerizes the photoresist inside the channel, while oxygen 
provided through the porous PDMS walls prohibits the adhesion of particles to the wall. 

 

 
Figure 4.3.2 2D Optofluidic lithography. In this method, the 2D light pattern projected and demagnified 
with an objective lens with relatively small NA photo-polymerizes the photoresist flowing in the 
microfluidic channels, creating the microparticles with defined structures according to the 2D light pattern. 
After polymerization, the microfluidic flows sweep away the synthesized structures and the next light 
pattern will create the next set of microstructures. 
 

Compared to the techniques introduced in Section 4.3.1, this OL is advantageous 
because it is free from the batch-based process. However, its application is still limited 
for several reasons: (1) the shape of structures that can be fabricated by OL is limited in 
2D; (2) materials that can be used for channel walls are limited because the channel wall 
facing the polymerized wall needs to inhibit the polymerization at contact. Some solvents 
are not compatible with the PDMS; thus, materials different from PDMS but having 
sufficient porosity to provide oxygen are being researched. For the first issue, although a 
numerous number of efforts were made to achieve 3D optofluidic printing, none could 
create arbitrary shaped particles [26-29]. The latter issue can be avoided by the chemical 
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modification of the channel walls made of different organic materials [30], but still limits 
its applications requiring more various chemicals. 

 
4.3.2 Optofluidic 3D Printing 

Here, my idea is to project the axial light patterns in the microfluidic photoresist 
flows by reversely utilizing the optical path of APOM (see Section 4.2). By dynamically 
changing the light pattern and maintaining constant photoresist flows, the projected UV 
light pattern will become a cross-section of photo-polymerized 3D structures. This work 
holds significant advantages: (1) it can create arbitrary-shaped 3D structures (potentially) 
(2) at high throughput and high resolutions and (3) without limit in the kinds of channel 
walls. 

 
Figure 4.3.2 Optofluidic 3D lithography. By reversely utilizing the optical path in the APOM, the 2D 
light pattern in the normal plane is converted into the 2D light pattern in the axial plane above the objective 
lens 2. This axial plane image is projected into the microfluidic flow of photoresist in a microchannel to 
cause the photo-polymerization. With the continuous flow of the photoresist, consequently, the synthesized 
3D structure will have cross-sections corresponding to the axially projected light pattern, enabling creation 
of 3D arbitrary structures with no limit in size in one dimension. 
 
4.3.2 Optical Setup 

Fig. 4.3.4 shows the optical setup for the optofluidic 3D printing, where another 
4-f system was utilized to form a light image in a plane corresponding to the imaging 
plane of the APOM. This allowed the image to travel back in the optical path utilized in 
the APOM setup. After conversion of this image from a normal to an axial plane and its 
transfer to objective 1, axial light projection was realized in the flow of photoresist in a 
microfluidic channel. The light pattern can be dynamically reconfigured by reflecting a 
UV light from a mercury lamp on the DMD. The reason for using the additional 4-f 
system is that this optics system was originally designed for the visible wavelength of 
light and thus could be easily affected by the light dispersion in the UV range. The 4f 
system allows the user to adjust the position of the image plane relatively easily, enabling 
adjustment for the dispersion misalignment between the light projection and APOM 
imaging planes. 
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Figure 4.3.4 Optical setup for the Optofluidic 3D Lithography. After passing through L5, L4, and M3, 
the UV illumination reflected by the DMD light pattern formed a patterned image at a position 
corresponding to the CCD image plane used in the APOM. Thus, by reversely utilizing the optical path in 
the APOM, the 2D light pattern in the normal plane was converted into the 2D light pattern in the axial 
plane above objective lens 2. The converted image was transferred to the objective lens 1 to project the 
light pattern into the photoresist. Aluminum mirrors were utilized to ensure the highest reflectivity. This 
projection setup is compatible with transmission normal plane imaging by illumination light from above 
objective 1. Imaging light has a longer wavelength of red light to prevent interference with the photo-
polymerization process. 
 
4.3.2 Result 
 
Alignment of Axial Plane Projection 

Optical alignment of axial plane projection requires the simultaneous axial 
imaging from the same plane of the same sample. A thin film of fluorescence beads 
coated on a glass cover slip was utilized for this purpose (Fig. 4.3.5). The sample was 
placed vertically on the side of a glass prism. When properly aligned, I could see the 
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fluorescence image of the beads in the axial plane, which were excited by the UV light 
projected in the same plane with relatively good resolution of several microns. 
                     

 
Figure 4.3.5 Alignment of axial plane projection using a layer of fluorescence sample placed in an 
axial plane of objective 1. Fluorescence beads were spin-coated on a glass cover slip and the slip was 
placed vertically on the side of a glass prism on top of objective 1. By properly aligning the imaging plane 
for the visible fluorescence emission and UV light projection in the axial plane, the projected UV light 
could be observed as the fluorescence emission pattern at relatively good resolutions.  
 
Axial Plane Lithography 

With the properly aligned optics, I performed the optical lithography to create a 
2D photo-polymerized structure in the axial plane. A mixture of photo-sensitive PEGDA 
monomer (Poly(ethylene glycol) diacrylate, average molecular weight of 700) as 
photocurable resin and 10 wt% of a radical photoinitiator (2,2-dimethoxy-2-
phenylacetophenone (DMPA, Sigma-Aldrich)). This resin has an optical index of 1.47, 
which is not far from that of the ideal index of Pyrex glass, ~1.47, such that minimal 
distortion can be expected. The UV exposure time could be dynamically controlled by 
changing the time for the light pattern to appear in the DMD. At appropriate exposure 
time, the axially projected UV light pattern (Fig. 4.3.6a) transferred itself as a photo-
polymerized pattern in the resins (Fig. 4.3.6b). The image was taken by illuminating red 
light from atop of a sample above objective lens 1 (filtered from Tungsten lamp) and 
collecting signals in the normal plane imaging mode. 
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Figure 4.3.6 Photo-polymerization of resin by the axial plane projection of the UV light pattern. As a 
result of light conversion and transfer of the DMD-imposed pattern (a), the photo-polymerized pattern can 
be observed successfully in the center of the bright field of the normal plane image (b). 
 
4.3.3 Summary and Future Outlook 

In this section, I showed the exploratory work of optofluidic 3D printing. The 
result demonstrated the successful transfer of a normal image of light imposed by DMD 
into the axial plane within the photocurable resins in the microfluidic channel. This first 
step of the demonstration leads to further optimization of optics in the UV range with a 
stronger light source, culminating in an ideal optofluidic 3D printer with the resolution 
limited only by diffraction of light. This new innovation will make a big impact in a wide 
range of research fields. For example, structured optical fibers (SOF) have been of 
fundamental importance in both the scientific and industrial community because they can 
have different but useful optical transmission properties compared to the standard optical 
fibers [31-33]. SOF includes the photonic crystal fibers that enable the flexible tuning of 
photonic band gaps [34-39] and demonstrates the lossless transmission of CO2 laser light 
through its empty area as a waveguide [39]. Moreover, such photonic crystal fibers are 
becoming a critical component in nonlinear optic systems such as fiber laser 
development. However, the fabrication method of the SOF cannot make 3D structures in 
principle because it relies on a simple pulling of the originally large 2D structure into one 
dimension, perpendicular to the 2D plane [40]. Conversely, this new 3D printer is able to 
make such 3D structured optical fibers, opening up an opportunity both in scientific and 
practical researches. Beyond that, fabrication of 3D structures with a large dimension in 
one direction with single micron resolutions has been a missing technology. I expect that 
this invention will stimulate new research fields at the interface between fiber photonics 
and other fields, including biomedical devices [41], nonlinear optical imaging [42], and 
optoelectronics fields. 
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