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Abstract

The self-assembly of soft matter is widely studied in the field of biology and engineering
and can be applied to the nanomanufacture of materials. Direction of the self-assembly
process is necessary for the precise control and measurement of the resultant nanostruc-
tures, but the existing directed self-assembly techniques have some limitations in terms
of spatiotemporal resolutions and the degrees of freedom. In this thesis, I propose a
new analysis and fabrication technique of soft matter is proposed to achieve operando
analysis and directed self-assembly of soft matter using the spatiotemporal control of an
electric field. The proposed techniques were applied to a directed self-assembly of some
representative soft matter, such as lipid bilayers and DNA molecules.

First, the basic concept of virtual cathodes using an electron beam (EB) was introduced
to achieve the spatiotemporal control of an electric field. Then, the electrical, chemical,
and thermal effects of EB-induced virtual cathodes were discussed based on experiments
and numerical simulations. As a result, it was shown that the thermal effect is small
and that the electrical and chemical effects could be controlled by changing acceleration
voltages.

Second, electrostatic effects of virtual cathodes were discussed. The governing equations
of EB-induced virtual cathodes were formulated, and then these fundamental solutions
were derived to calculate the electric field, spatial distribution of electrolytes, and diffu-
sion of hydroxide ions generated by cathodic reactions. Using the derived fundamental
solutions, a design procedure for a virtual cathode was proposed to achieve the desired
distributions of the electric field and ionic concentration.

Third, it was shown that EB-induced virtual cathodes could induce electrokinetic phe-
nomena, such as electroosmotic flows and electrophoresis. These phenomena could be
applied to the manipulation of a single nanoparticle, the concentration patterning of
nanoparticles, and the elongation of DNA molecules. It was also shown that EB-induced
cathodes could induce surface reactions, such as the detachment of MPC polymers and
the deposition of organic molecules.

Finally, the proposed techniques were applied to the electromechanical control of lipid
membrane domains and morphology. By controlling the surface reactions of the EB-
induced virtual cathode, the supported lipid bilayers(SLBs) were dynamically patterned.
The fluidity and re-spreading of the SLBs could be controlled through the dose amount
of the EB. Moreover, the re-spreading of the SLBs could induce directed self-assembly
of phase separation in lipid mixtures. It was also demonstrated that the EB-induced
virtual cathode could control the dynamic and reversible deformation of the stacked lipid
bilayers by Maxwell’s stress to them. These results indicated the proposed method could
be applied to spatiotemporal measurements of the mechanical properties of SLBs.
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Chapter 1

Introduction

1.1 Overview of soft matter

Soft matter is a general term for soft materials such as macromolecules and colloidal

particles. Soft matter is common in biology and engineering. For example, DNA molecules

are polymers consisting of deoxyribonucleic acid, and the proteins are polymers of amino

acid. Plasma membranes are composed of phospholipid molecules which are amphipathic

molecules, and cytoskeleton is composed of microtubules, actin filament, and intermediate

filament, which are the polymers of proteins. Soft matter, such as rubber and liquid

crystals, is applied in many engineering fields.

Soft matter usually consists of nanometer- or micrometer-scale components [1];

thus, the internal degrees of freedom of the structures of soft materials are large compared

with hard materials such as metal crystals. The high degrees of freedom of soft materials

contribute to the nonlinearity of the relationship between force and deformation and to

the long relaxation time of deformation in response to external fields such as electric and

magnetic fields [1]. Due to their nonlinearity and nonequilibrium, soft materials have a

variety of structures and physical properties such as elasticity and viscosity.

For the application of soft matter to engineering, (i) the measurement techniques

of the rheological properties and (ii) fabrication techniques of two- or three-dimensional

structures using soft matter have been studied by many researchers. In the following three

sections, these techniques will be overviewed.

1.2 Measurement techniques for microrheological properties of

soft matter

Rheological properties, which are deformability and fluidity under mechanical stress, are

important for characterizing the physical properties of soft materials. In measuring the

rheological properties of a material, the material is placed between two plates and shear

stress is applied to the material linearly or rotationally by moving one plate and fixing

the other plate, and rheological parameters, such as viscosity, are calculated from the

relationship between shear stress and deformation velocity [1]. However, this technique

can be applied only to the measurements of the macroscopic properties of the material.
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For microscopic measurements of rheological properties, such as DNA, proteins,

and the lipid membranes of living cells, measurement techniques for the microrheology

of soft materials have been studied in recent years [2]. There are two strategies for the

measurement of microrheology. Passive microrheology [3,4] is based on the measurements

of Brownian motions within soft materials. Tracers are placed and tracked within soft

materials, and the mean squared distances of tracers are calculated. Viscoelastic proper-

ties can be calculated by using the Stokes-Einstein relationship. Active microrheology is

based on the application of forces. For the application of forces, tracers are attached to

the target material, and force is applied to the tracers using an electric field [5], a mag-

netic field [6], lasers [7], or atomic-force microscopy (AFM) [8]. This strategy has enabled

in-situ measurements of the material, but the attachment of tracers is often needed, which

might affect the viscoelastic properties of the target material. Moreover, the force can be

applied only to tracers, so the degrees of freedom are still limited.

1.3 Fabrication techniques of soft matter

1.3.1 Top-down approach for fabrication of soft matter

In top-down approaches, microstructures are made by removing micro parts from large

materials. Top-down approaches are achieved by micromachining such as photolithogra-

phy [9] and soft lithography [10], and these technologies have enabled reproducible and fine

structures of soft materials. However, photolithography and soft lithography techniques

have fundamental limitations in spatial resolutions. Electron-beam lithography [11] is a

candidate for the fabrication of nanostructures, but it needs vacuum conditions; thus, it is

not suitable for soft materials in aqueous solutions, such as proteins. Moreover, the time

and energy consumptions in top-down processes are relatively high.

1.3.2 Self-assembly: Bottom-up approach for fabrication of soft matter

To achieve low energy consumption and fabricate structures in milder conditions, bottom-

up approaches based on self-assembly have been widely studied. [12] The self-assembly

of molecules in aqueous solutions is a fundamental approache to creating higher-order

structures in nature. In many self-assembly processes, many small molecules interact

with each other via various intermolecular interactions and spontaneously form large and

higher-ordered structures when the chemical potentials of the ordered structures are lower

than the summation of the chemical potential per unit molecule. Such self-assembly pro-

cesses can be found in many biomaterials. For example, the double-stranded structures

of DNA molecules are formed via hydrogen bonding between base pairs, and the confor-

mation of proteins also involves many intermolecular interactions including electrostatic,

hydrophobic, and hydrogen bonds. The double lipid bilayers of living cells are formed via

hydrophobic interactions among phospholipids, and their shapes and physical properties

can be controlled by changing the electrical charges of head groups and mixing several
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phospholipids with various hydrocarbon chains and head groups. Not only biomaterials

but also non-biological materials, such as liquid crystals, block copolymers, colloidal par-

ticles and gels, can form ordered two-dimensional and three-dimensional structures, and

such structures are applied in many fields.

Reversibility is one of the most important features in self-assembly processes. In

1991, Lindsey introduced seven types of self-assembly processes and clearly distinguished

reversible self-assembly from irreversible self-assembly [13]. The main features of reversible

self-assembly are summarized as follows:

• The intermolecular interactions of reversible self-assembly are usually dependent

on non-covalent bonds, such as electrostatic interactions, van der Waals forces, hy-

drophobic interactions, hydrogen bonding, and excluded volume interactions (en-

tropic interactions).

• Resultant structures from self-assembly processes are in thermodynamic equilib-

rium, and the structures can be easily and reversibly controlled by changing ther-

modynamic parameters such as temperature, pH, and ionic strength.

• Since the processes are reversible, the self-assembled structures are tolerant to syn-

thesis errors.

In contrast, irreversible self-assembly processes are usually dependent on covalent bonds,

and the processes are not tolerant of synthesis errors. Representative examples of re-

versible self-assembled structures are DNA, lipid molecules and block copolymers, and

examples of irreversible self-assembly are the polymerization of chain polymers and al-

lotrope forms of carbon and sulfur. As described above, reversible self-assembled struc-

tures are error-tolerant and easy to control and three-dimensional structures at the nano-

and micrometer scales can be easily formed by reversible self-assembly processes; thus,

reversible self-assembly processes are applied to many fields in engineering. For example,

DNA origami techniques have been widely studied for the fabrication of three-dimensional

structures by only designing the base sequences of DNA molecules [14]. Lipid molecules

tend to form spheres called liposomes in water solution [15], and they are applied to drug

delivery systems. Block copolymers are widely used to fabricate nanostructures by mi-

crophase separation [16] and are applied to the high integration of semiconductors, which

cannot be achieved by top-down approaches, such as photolithography or soft lithography.

Although reversible self-assembly processes enable the efficient and easy fabrica-

tion of three-dimensional structures, reversible self-assembly has some limitations regard-

ing the stability of structures. In the thermal equilibrium state, a reversible self-assembled

structure is in a local minimum of free energy. Therefore, the self-assembled structure can

be easily transformed from one to another by thermal fluctuations if the free energy has

many local minima and the local minimum values are almost the same. This vulnerability

to thermal fluctuations has a negative influence on the reproducibility and reliability of

products in self-assembly processes. For example, the exact control of particle size in

the fabrication of liposomes is difficult, and defects are formed in nematic liquid crystals
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and block copolymers. In particular, the formation of defects in the nanostructures of

block copolymers is a fatal problem in applications to the high integration of semicon-

ductors, and many researchers have made great efforts to improve the reproducibility and

uniformity of the nanostructures of block copolymers [17].

1.3.3 Directed self-assembly of soft matter

An integrated approach combining the top-down and bottom-up approaches is solution

for achieving self-assembly with high reproducibility and reliability, because soft matter

has large degrees of freedom in response to external fields. Directed self-assembly is a

self-assembly process controlled by external fields. There are several types of directed

self-assembly processes.

Directed self-assembly with topographic guides

Directed self-assembly techniques have been widely studied in the field of the micropat-

terning techniques of semiconductors. In directed self-assembly process, the microphase

separation of diblock copolymers, which have two polymers, is used to make nanostruc-

tures [16]. As mentioned in Section 1.3.2, structures made through self-assembly fluc-

tuate due to thermal disturbances. Therefore, the direction of nanopatterns cannot be

controlled and defects inevitably form in the nanostructures of diblock copolymers. To

overcome these problems, nanopatterns of diblock copolymers are directed using external

topographic guides made via photolithographic techniques [17].

Directed self-assembly of stimuli-responsive materials

Directed self-assembly is also achieved by using stimuli-responsive materials whose molecu-

lar structures can be changed by external fields. For examples, photo-responsive materials

have photochromic structures, such as azobenzene structures, whose cis-trans bonds can

be controlled by irradiating light, and structural changes of photo-responsive materials

can be achieved by changing the polarity and electrical charges of the materials [18]. The

dynamic phase separation of artificial lipid membranes has been achieved by adding lipid

molecules with azobenzene [19]. Various external fields, such as electric field, magnetic

field, pH, and temperature, are used for the stimulation of materials.

1.4 Need for operando analysis of soft matter in aqueous

solutions

As discussed in Sections 1.2 and 1.3, the challenging problems in the measurements and

fabrication of soft matter are summarized as follows:

• For measurements of the microrheology of soft matter, the precise application of

forces is needed. However, previous techniques of passive and active rheology need

to attach tracers to target materials, and the degrees-of-freedom for the manipula-

tion of the material.
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Fig. 1.1. Relationship between spatial resolution and time resolution of spatial dynamics
of various manipulation techniques.

• For the fabrication of soft matter at the nanometer scale, the integration of the

top-down approach and self-assembly process is needed. The existing techniques

with guide patterns are candidates for this integration, but the guide patterns are

fixed and cannot be dynamically changed, which means the dynamic control of

self-assembly cannot be achieved by only using guide patterns.

Therefore, it is considered that the non-invasive and spatiotemporal control of soft matter

in aqueous solutions by external fields is needed in the aspects of the measurement and

directed self-assembly of soft matter.

To achieve the non-invasive and spatiotemporal control of soft matter with ex-

ternal fields, the spatiotemporal analysis of the behaviors of soft matter under external

fields is needed. The spatiotemporal analysis of materials under their working condi-

tions is known as “operando analysis,” and includes both high spatiotemporal resolutive

measurements and the active control of external fields to imitate the external environ-

ment. [20–22] Operando analysis is regarded as the key technology for the improvement

of devices, development of new materials and finding of biological phenomena. Previous

works on operando analysis have been focused on solid–liquid or solid–gas interfaces in

fuel batteries, chemical catalysts, and electric devices, and these works are based on the

emission spectroscopy of X-ray and Raman scattering and microscopes, such as transmis-

sion electron microscope and scanning probe microscopes. In other words, previous works

have focused on pure solid, liquid or gas materials and the distributions of elements or

ions are mainly measured. Contrary to this, we should think following requirements for

the operando analysis of soft matter.
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Fig. 1.2. Relationship between controllable height and area of various manipulation tech-
niques.

• Operando analysis should be performed not in a vacuum space, but in aqueous

solutions since most soft materials are diluted in water. Therefore, external fields

that are effective in aqueous solutions should be chosen.

• The control of intermolecular interactions such as electrostatic or hydrophobic in-

teractions, as well as physical parameters such as temperature and pH, is needed.

• A micro- to nanometer scale resolution is needed considering the characteristic

lengths of self-assembled structures of soft materials.

• A milli- to microsecond scale resolution is needed considering the relaxation time

of the self-assembled structures of soft matter.

Considering these requirements, existing techniques for the control of external fields are

classified as 1.1 and 1.2. As shown in Figs. 1.1 and 1.2, AFM can realize manipulation

at the nanometer or several-tens-of-nanometer scale, but the time resolution of moving

probes is in the second scale (AFM) or the video frame rate (FM-AFM). In contrast,

optical tweezers can achieve kHz order manipulation using galvanometer mirrors, but

spatial resolution is limited to several hundreds of nanometers due to the diffraction limit

of light. Therefore, challenging problems remain in spatiotemporal resolutions to realize

the operando analysis of soft materials, and new techniques are needed.
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1.5 Objectives of this thesis

The objectives of this thesis are to propose new analysis and fabrication techniques for soft

materials that can achieve (i) spatial resolutions at the micro- to nanometer scale and (ii)

the time resolution of spatial control at the milli- to microsecond scale. The contributions

of this thesis are as follows:

• The formulation of virtual electrode techniques based on charged particle beams and

the physical analysis of electrostatic, electrokinetic, and surface reaction phenomena

induced by the virtual cathode

• The physical confirmation of electrostatic, electrokinetic, and surface reaction phe-

nomena using an electron beam-induced virtual cathode display system

• The demonstration of the operand analysis of biomolecules, such as DNA and lipid

molecules, and the realization of directed self-assembly using an electron beam-

induced virtual cathode

1.6 Organization of this thesis

This thesis consists of seven chapters. The overview of this thesis is shown in Fig. 1.3.

Overviews of each chapter are as follows: In Chapter 1 (this chapter), the fabrication and

measurement techniques of soft matter are overviewed and the objectives of this thesis

are described.

In Chapter 2, the concepts and advantages of the virtual electrode are overviewed

and the physical realization of the virtual cathode display system using an electron beam

(EB) is proposed. In addition, the physical effects of the EB-induced virtual cathode are

described.

In Chapters 3–5, the basic mechanisms of the virtual electrode are studied. In

Chapters 3 and 4, the environmental controls of electrostatics and electrokinetics are stud-

ied. By using these controls, the control of several physical parameters, such as the electric

field, pH, temperatures, ionic concentrations and shear stress, has been achieved. In Chap-

ter 5, we show that the virtual cathode can induce surface reactions and that nanopro-

cessing, such as the deposition and detachment of organic molecules, can be achieved by

the virtual cathode.

In Chapters 4 and 6, we demonstrate several operando measurements and the

directed self-assembly of soft matter, such as DNA molecules and lipid bilayers, based on

the results in Chapters 3–5.

Finally, we conclude this thesis and discuss future directions based on this study

in Chapter 7.
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Fig. 1.3. Organization of this thesis
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Chapter 2

Virtual Electrode System for Soft

Materials Based on Charged Particle

Beams

The aim of this chapter is to propose concepts related to the virtual cathode system

technique based on charged particle beams. In Section 2.1, two approaches of virtual

electrode techniques are overviewed, and the advantages and disadvantages of the two

approaches are discussed. In Section 2.2, a virtual cathode display based on an inverted

electron beam (EB) lithography system is proposed, and the physical effects of our display

system are discussed. In Section 2.3, the relationship between acceleration voltage and

physical effects of electron beams is discussed. In Section 2.4, the temperature rise around

the EB-induced cathode is measured. Finally, the summary of this chapter is given in

Section 2.5.

2.1 Overview of the virtual electrode display system

Electrodes are widely used for electrical measurements such as cyclic voltammetry or mea-

surements of impedance and manipulations such as electrophoresis in biology or chemistry.

For spatial control of an electric field, multielectrode arrays (MEAs) have been studied,

especially in the field of neuroscience. However, electrodes cannot be changed on demand

because electrodes are fixed after fabrication, and thus the degrees-of-freedom of electrical

manipulation using electrodes are essentially limited.

In recent years, virtual electrode techniques have been studied to achieve more

degrees-of-freedom of electrical manipulation. There are two types of virtual electrodes

which are described as follows.

2.1.1 Optoelectric tweezers

Using optoelectric tweezer [23–26] is one way of generating a local virtual electrode by

using photoconductive materials. The basic setup of optoelectric tweezers is shown as

Fig. 2.1(A). In this setup, liquid samples are sandwiched between two parallel glass plates.
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One plate is coated with indium tin oxide (ITO), and the other is layered with ITO,

hydrogenated amorphous silicon (a-Si:H), and an insulator such as silicon nitride (SiN).

The two ITO-coated glass plates are connected to a DC or AC power supply. When

the hydrogenated amorphous silicon is irradiated by light, charged carriers such as holes

and electrons are generated. Therefore, the electrical conductivity of the light-irradiated

area becomes lower than that of the unirradiated area, and a voltage drop down in liquid

samples is observed only in the light-irradiated area. As a result, a non-uniform electric

field is generated, as shown in Fig. 2.1(A). This electric field generated by light illumination

can be viewed as a virtual electrode. The main features of optoelectric tweezers are

summarized as follows:

• The strength of the electric field can be controlled by changing the intensity of light.

• The shapes of virtual electrodes can be controlled by changing the illumination

patterns. Scanning lasers with a galvano mirror, liquid crystal display, projectors,

and digital micromirror devices have been used for the creation of illumination

patterns.

• Using an AC power supply, electrokinetic manipulations such as dielectrophoresis

or AC induced electroosmotic flows can be achieved.

2.1.2 Charged particle beams with liquid cells

Another approach in generating virtual electrodes is the use of charged particle beams

such as electron beams(EBs) and focused ion beams, which are accelerated by external

fields and have electric potential energy and kinetic energy. However, these beams require

a vacuum environment for prevention of scattering. Thus, liquid cells are used to sepa-

rate vacuum space from liquid samples. Fig. 2.1(B) shows the basic concepts of virtual

electrode formation using charged particle beams with liquid cells. Using insulator such

as SiN, the vacuum and liquid samples are separated, and the beams are irradiated from

the vacuum space to the insulator. When the kinetic energy of the beams is sufficiently

low, the charged particles are stopped with the insulator and an electric field would be

induced by the stopped particles within the insulator. Thus, the electric field induced

by the charged particles can be viewed as a virtual electrode. The main features of this

virtual electrode are summarized as follows:

• The strength of the electric field can be controlled by the maximum range and dose

amount of the beams.

• The shapes of the virtual electrodes can be controlled by the scanning beams.

Spatial resolutions can be improved when electron beams or focused ion beams are used,

since their wavelengths are shorter than the wavelength of visible light. Moreover, the

temporal resolution of their manipulations is in the micro- to millisecond range because

of the small mass of the charged particles. This means that the temporal resolution is
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Fig. 2.1. Physical implementation of virtual electrode system.

high enough to control the soft matter. However, vacuum environments are needed in this

approach.

Electron beams are often used for generation of virtual electrodes. Ogura and

coworkers applied this virtual electrode technique to electrochemical microscopy of living

cells, which had an 8-nm-resolution [27]. Moreover, Donev and coworkers achieved a 50-nm

chemical deposition on the virtual electrode [28]. As described in Chapter 1, soft materials

usually consist of nanometer- or micrometer-scale components. Therefore, an electron-

beam-induced virtual cathode would be more suitable than light addressable electrodes

given the spatial resolution of virtual electrodes.
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2.1.3 Advantages and limitations of virtual electrodes

One of the advantages of the virtual electrodes is the designability of electrodes on-

demand. As described in 2.1.1 and 2.1.2, the shapes or strength of virtual electrodes

can be easily controlled by controlling only the illumination of a light pattern or scanning

of the charged particle beams. Moreover, local point charges can be generated by spot

illumination of light or irradiation of beams. Therefore, the design of a virtual electrode

can be realized if an electric field or other physical parameters are subject to linear partial

differential equations (PDEs) and the fundamental solutions (Green’s function) to these

equations are linear to the intensity of light or dose amount of the beams in accordance

with the superposition principle. The details of designing virtual electrodes using Green’s

function are discussed in Chapter 3.

Another advantage of virtual electrodes is their surface smoothness. MEA or

CCD arrays can achieve spatial control of an electric field, but their surfaces are not

smooth. Smoothness of the surface is crucial for fabrication of soft membranes, such

as supported lipid bilayers and a self-assembled monolayer, since the thickness of the

membrane is on the order of nanometers. On the contrary, laser or charged particle beams

can generate an electric field only by irradiation; hence, smoothness of the surface would

be guaranteed. Consequently, such beam techniques can be applied to the manipulation

of membranes.

In spite of such designability, there are some limitations with regard to the

current virtual electrode techniques as follows:

• In the case of light techniques, both anode and cathode cannot be simultaneously

generated on the light-illuminated plate. Similarly, the polarity of electrodes is

basically fixed according to the charge of the beams when using beam techniques.

• Virtual electrodes are generated only at the surface of the insulator, and vertical

control is basically limited within the electric double layer.

In this thesis, the target materials are soft materials, the size of which is on the order of

nanometers or micrometers, and the Debye length of the electric double layer can range

from 1 to 1000 nm in biological conditions. Therefore, the control of soft materials within

the electric double layer would be possible using virtual electrode techniques.

2.2 Virtual cathode display system based on an electron-beam

lithography system

In this thesis, an inverted electron beam processing system was used to make virtual

electrodes in aqueous solutions. This system was constructed by Hoshino and coworkers

in 2013 [29]. The overall view of the system is shown in Fig. 2.2. This system consists

of an inverted electron beam microscope (Mini-EOC, Apco. Co.) and an epifluorescence
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microscope (IM-3, Nikon), and they are placed coaxially. A 100-nm-thick SiN membrane

(NT025C, NORCADA) is used to separate vacuum from the liquid sample. The liquid

samples are observed with a fluorescence microscope which is equipped with a white light

source (SOLA, Lumencor) and a highly sensitive scientific CMOS camera (pixel size =

6.5 µm × 6.5 µm, NEO sCMOS, Andor). Observation of the samples and the control

of the electron beams are synchronized using a digital I/O board (BNC2120, National

Instruments).

An electron beam is formed by accelerating electrons by applying an electric field.

When an external acceleration voltage V is applied to electrons, the electrical potentials

of the electrons under external electric field are converted into kinetic energy, and the

electrons are accelerated. Therefore, the following conversation law of energy is satisfied.

eV =
1

2
mev

2,

where e is quantum of electricity, me is the mass of an electron, and v is the velocity of

an accelerated electron.

According to quantum mechanics, electrons behave as both waves and particles.

When it is assumed that electrons have kinetic energy E(=1
2mev

2) and momentum p

as particles and that the electrons have a frequency ν and wavelength λ as waves, the

following two equations hold:
E = hν, p = h/λ,

where h is the Planck’s constant. From these equations and p = mev, the wavelength λ

is calculated as follows:

λ =
h

p
=

h

mev
=

h√
2meeV

.

This wavelength is called as the “de Broglie wavelength.” For example, the de Broglie

wavelength of a 2.5 keV electron beam is about 0.017 nm, and this is much shorter

than that of lasers (several hundreds of nanometers). Therefore, the spatial resolution

of the electron beam-induced virtual cathode is expected to be much finer than that

of optoelectric tweezers. However, the actual spatial resolution of the virtual electrode

becomes thicker than the wavelength of electron beams because electrons are scattered

when the electron beams are irradiated onto a solid, as described in 2.2.1.

2.2.1 Physical effects of an electron beam

When electron beams are irradiated onto a SiN membrane, electrons interact with atomic

nucleuses and electrons bound by atoms within the membrane, and thus electrons are

scattered. According to literature [30], the details of the scattering process are summarized

as follows:

• When incident electrons (or primary electrons) interact with atomic nucleuses,

elastic collisions between the electrons and the atomic nucleuses occur because
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Fig. 2.2. Physical implementation of virtual electrode system using an inverted electron
beam lithography system.
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of the potential energy of the atomic nucleuses. By these collisions, kinetic en-

ergy is converted into thermal energy because of the energy loss during the colli-

sions. Moreover, the directions in which the incident electrons move change, and

bremsstrahlung X rays generated. Some electrons are backscattered to the vacuum

space or forward-scattered to the liquid sample.

• When incident electrons interact with electrons bound by atomic nucleuses, the

bounded electrons are ejected from their orbits, and thereby, vacancies are generated

in the orbits. These ejected electrons are called “Auger electrons,” and the vacancies

are filled in by the external electrons in the external shell. Since the energy level

of the inner shell is higher than that of the external shell, the energy difference

before and after the filling of vacancies may induce the emission of X-rays or energy

conversion to kinetic energy of the Auger electrons. Auger electrons are diffused

within the membrane or scattered into the vacuum and liquid samples as secondary

electrons. The ejection of electrons in the outermost orbit as Auger electrons induces

a change of bonds between atoms.

Therefore, the kinetic energy of the accelerated electrons is converted into the following

five energies during the scattering process:

1. Thermal energy in the SiN membrane and the liquid sample;

2. Kinetic energy of backscattered or forward-scattered primary electrons;

3. Kinetic energy of backscattered or forward-scattered secondary electrons;

4. Radiation energy of X-rays;

5. Chemical energy for the change of atomic bonds.

In addition, the stopped electrons within the membrane can electrically interact with

atoms, ions, or molecules within the liquid sample.

In summary, irradiation of electrons onto a SiN membrane can induce the fol-

lowing physical effects on the liquid samples:

1. Thermal effects induced by loss of kinetic energy during the scattering process;

2. Electrical effects induced by negative charges of electrons;

3. Chemical effects induced by forward-scattered electrons.

Thermal and electrical effects can realize environmental control of soft materials such as

temperature, pH, and electric field, whereas electrical and chemical effects can realize

nanoscale processing such as chemical deposition and ablation of molecules and elec-

trochemical deposition. Since these effects are induced simultaneously, an independent

control of these physical effects is needed. To this end, thermal effects are evaluated in

the next section, and electrical and chemical effects are evaluated in Chapter 5.
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Fig. 2.3. Schematic views of acceleration and scattering of electrons.

2.3 Measurements of temperature rise during EB irradiations

To evaluate the thermal effects of scattered electrons, the temperature rise during the

EB irradiations was measured using rhodamine B (RhB). RhB has been utilized as a

thermosensitive fluorescent indicator in micro- and nanodevices [31–33]. At room temper-

ature, the fluorescence intensity of a RhB solution exhibits an approximate linear relation

to the solution temperature because the quantum yield of RhB decreases with an increase

in the temperature [34,35].

2.3.1 Materials and methods

EB-induced thermal changes on the SiN membrane at spot EB were measured using the

fluorescence intensity of RhB as the thermosensitive probe. RhB (Wako) was dissolved in

deionized ultrapure water at a final concentration of 0.02 mg/mL. It was observed that the

temperature coefficient of the fluorescence intensity of a 0.02 mg/mL RhB water solution

was about −2%/K at 25◦C–30 ◦C under controlled bulk solution temperature using the

lens-mounted heater and the fluorescent microscope. The RhB solution was pipetted on

to the SiN membrane of the I-EBL system. The solution temperature was controlled

at 25◦C using the lens-mounted heater. EB was spotted to the SiN membrane with an

acceleration voltage of 2.5 keV and beam currents of 4.3 and 13 nA for 1 s. The changes

in the fluorescence intensity were observed by the fluorescence microscope with a filter

(Ex: 540/25, Em: 605/55, TRITC, Nikon). The evaluation region was set to a circular

region with a diameter of 1 µm, centering on the spot EB. The effect of photobleaching

was corrected using a liner time function. The electrophoretic mobility of RhB molecules

was not considered for these measurements and the following temperature estimation.
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Fig. 2.4. Time lapse images of fluorescence intensity of rhodamine B(RhB) during EB
irradiation. The EB was irradiated from 1 s to 2 s.

2.3.2 Results and discussion

Fig. 2.4 shows fluorescence images of RhB in pure water before and after the EB irradi-

ations. The EB spot was irradiated from 1 to 2 s. During the EB irradiation, a decrease

of the fluorescence intensity was observed, and a recovery of the intensity was observed

after the EB irradiation. (It should be noted that the effects of photobleaching due to

scattered electrons would be little as discussed in Chapter 3.)

The time response of the fluorescence intensity in the circular region is shown

in Fig. 2.5. The fluorescence intensity was normalized by its value at t = 0, and the

average of the normalized intensity in the circular region was plotted on the diagram.

The maximum decrease in fluorescence intensity at the EB irradiation was about −1%.

This means that the temperature increase at the spot EB was 0.5◦C during the EB

irradiation with an even beam current of 13 nA.

The relationship between the average of the normalized intensity and the dis-

tance from the EB spot is shown in Fig. 2.6. The acceleration voltage and beam currents

were set at 2.5 keV and 4.3 and 13 nA, respectively. A 9 × 9 mean filter was applied

to the fluorescent image, and the fluorescence intensity was normalized to its value at

100 ms before the start of the EB irradiation (correction of photobleaching was not per-

formed). The intensity within 50 µm from the EB spot dropped after EB irradiation of 1

s. Therefore, a temperature rise was observed on the order of several micrometers.

According to the results of the thermal measurements, a rise in the temperature

rise was observed, but the temperature change corresponding to 1 s of irradiation of the

2.5 keV EB was only about 0.5◦C when the beam current was 13 nA. Therefore, the

thermal effects due to the scattering of electrons would be small. This result means that

the proposed virtual cathode technique can be applied to manipulations of proteins, since

the denaturation of proteins occurs at temperatures above 40◦C.
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2.4 Conclusion of this chapter

In this chapter, the current techniques of virtual electrode were discussed, and the basic

concept of a virtual electrode induced by charged particle beams was introduced. For

the physical implementation of a virtual electrode, a virtual cathode display system using

an inverted EB lithography system was proposed, and the physical effects of the EB-

induced virtual cathode, such as electrical, chemical, and thermal effects, were discussed.

By measuring temperature rise of RhB water solution, it was confirmed that the thermal

effect around the EB-induced virtual cathode was small.
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Fig. 2.5. Time responses of temperature changes during the spot EB irradiation at the
spot. Rhodamine fluorescence intensity indicated a temperature change with
a thermal coefficient of −2%/K. Meshed period is duration of EB irradiation.
The temperature changes were about 0.25 K and 0.50 K, which increased at
beam currents of 4.3 and 13 nA, respectively.



20 Chapter 2 Virtual Electrode System for Soft Materials Based on Charged Particle Beams

Fig. 2.6. Spatial profile of temperature change at the spot EB with beam currents of
4.3 and 13 nA at t=2.0 s of Fig. 2.5 (correction of photobleaching was not
performed).
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Chapter 3

Physical Model and Design of a Virtual

Cathode in an Electrolyte Solution

The aim of this chapter is to derive physical models of an ideal cathode on a submicrome-

ter scale in an electrolyte solution and to propose a design procedure for a virtual cathode

based on the fundamental solutions of electric field and ionic concentrations around the

virtual cathode. To this end, the physical conditions of the ideal virtual cathode are for-

mulated in Section 3.1; then, the governing equations are solved to derive the fundamental

solutions of the electric field caused by Ohmic currents and ionic concentrations around

an ideal cathode at the submicrometer scale in an electrolyte solution in Section 3.2. In

Section 3.3, a design procedure for a virtual cathode is proposed using the fundamental

solutions. In Section 3.4, it is experimentally demonstrated that a pH increase and ionic

shielding are induced around the EB-induced virtual cathode.

3.1 Physical conditions of a virtual cathode in a monovalent

electrolyte solution

We consider a circular cathode (radius: a) on an insulator plane, as shown in Fig. 3.1.

For the symmetry of the cathode, a cylindrical coordinate system (r, θ, z) is used in this

chapter. It is assumed that the origin of the coordinate system is the center of the cathode

and that a water solution with supporting electrolytes is filled in the region where z > 0.

We assume that the supporting electrolytes are symmetrically monovalent (1:1), and we

denote the cation and anion of the electrolytes as p and n respectively (Fig. 3.2). The

counter electrode is assumed to exist at infinity. For simplicity, it is assumed that the

surface of the insulator plane is not electrically charged and an electric double layer is

not formed at the interface between the insulator surface and the water solution in this

chapter. (The electrokinetic effects of the electric double layer around the cathode will be

discussed in Chapter 4.)
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Fig. 3.1. Geometrical definitions of a circular virtual cathode.

Fig. 3.2. Schematic view of ionic environment around a virtual cathode. In this figure,
supporting electrolytes are NaCl. In addition, very small amount of protons and
hydroxide ions exist due to ionization of water, but this can be neglected for the
calculation of ionic concentration of the supporting electrolytes.

3.2 Fundamental solutions of electrochemical phenomena

around a virtual Cathode

3.2.1 Electric field induced by Ohmic current

When the total amount of steady current through the circular cathode is I and the current

flows through the solution isotropically, the current density j in the region where r > a is

calculated as follows:

j =
I

2π(r2 + z2)
.



3.2 Fundamental solutions of electrochemical phenomena around a virtual Cathode 23

Fig. 3.3. Spatial distribution of the strength of the electric field caused by Ohmic currents
flowing from the virtual cathode to the solution.

According to Ohm’s law, the relationship between the electric field E(=−∇ϕ) and current

density j can be written as
E = ρj,

where ρ is the electrical resistivity of the solution. Thus, the electric field due to the

Ohmic current is given by the following equation:

E =
ρI

2π(r2 + z2)

Fig. 3.3 shows the spatial distribution of the strength of the electric field caused

by Ohmic currents in the NaCl solution according to the above equation. The electrical

resistivities of 1, 10, and 100 mM NaCl solutions were calculated from the literature

values for the molar conductivity of the NaCl solutions [36] and assumed to be 81, 8.4,

and 0.94 Ωm, respectively. The electric field is weakened as the ionic concentration was

high because of the effects of ionic shielding. Therefore, it is expected that the spatial

resolution of the electric field can be finer using highly concentrated electrolyte solutions.

3.2.2 Electric double layer formation of ions

According to the previous subsection, a voltage drop is induced around the virtual cathode

because of the Ohmic current. In this case, ionic shielding can be induced by support-

ing electrolytes in the solution, and the ionic concentration around the cathode can be
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calculated based on Nernst-Planck equations. In case of monovalent electrolytes, the

concentration of cations Cp and anions Cn should satisfy the following time-dependent

differential equations:

dCp

dt
= −∇ · Jp

dCn

dt
= −∇ · Jn

where Jp and Jn represent the fluxes of cation p and anion n. The fluxes Jp and Jn can

be calculated as follows:

Jp = −Dp

(
∇Cp +

F

RT
Cp∇ϕ

)
Jn = −Dn

(
∇Cn − F

RT
Cn∇ϕ

)
where Dp and Dn represent the diffusion coefficients of cation p and anion n, respectively,

and F , R, and T represent the Faraday’s constant, gas constant, and temperature of the

solution, respectively. When the current and ionic concentrations are steady, the fluxes

of the supporting electrolyte should be zero. It follows that

∇Cp +
F

RT
Cp∇ϕ = 0

∇Cn − F

RT
Cn∇ϕ = 0.

Moreover, the spatial distribution of ionic concentrations should be symmetric with respect

to the origin because of the symmetry of the cathode. Therefore, the above equations can

be rewritten by introducing a new variable r̃ :=
√
r2 + z2 as follows:

dCp

dr̃
=

F

RT
· ρI

2πr̃2
· Cp

dCn

dr̃
= − F

RT
· ρI

2πr̃2
· Cn

By integrating both sides of the above equation with respect to r̃, the fundamental solu-

tions of the ionic concentration of the supporting electrolytes can be derived as follows:

Cp = C∞ exp

(
− F

RT
· ρI
2πr̃

)
Cn = C∞ exp

(
+
F

RT
· ρI
2πr̃

)
,

where C∞ represents the bulk concentration of the electrolytes.

When the total amount of current I is about −1 nA and the bulk concentration

of the electrolyte C∞ is about 10 mM, the relative change of the ionic concentration is

about 5% as shown Fig. 3.4.
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Fig. 3.4. Spatial distribution of cations and anions around the virtual cathode in 10 mM
electrolyte solution. Red and blue lines mean the concentration of cations and
anions, respectively.

3.2.3 Diffusion of hydroxide ions

When the anode–cathode voltage drop is sufficiently high, electrolysis of water occurs,

and the following cathodic reaction is caused under neutral pH conditions:

2H2O+ 2e− → 2H+ + 2OH−.

Therefore, the hydroxide ions are generated at the surface of the cathode and these ions

diffuse through the solution. When the effects of electrophoresis are assumed to be ne-

glected, the concentration of the hydroxide ions COH− should satisfy the following diffusion

equation:
∂COH−

∂t
= DOH−

(
∂2COH−

∂r2
+

1

r

∂COH−

∂r
+
∂2COH−

∂z2

)
,

where DOH− represents the diffusion coefficient of a hydroxide ion. The boundary condi-

tions of the above equation are as follows:

DOH−
∂COH−

∂z
= − I

FA
=: φ (z = 0, 0 < r < a)

DOH−
∂COH−

∂z
= 0 (z = 0, r > a),

where A := πa2 represents the area of the cathode.

Using Gauss’s hypergeometric function, the steady-state solution of the above
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Fig. 3.5. Steady spatial distribution of the normalized concentration ( φa

D−
OH

= 1) of hy-

droxide ions generated by cathodic reaction. Red and blue lines implied inside
(r < a) and outside(r > a) the virtual cathode, respectively.

equations can be described as follows [37]:

COH− =


φa

DOH−
· 2F1

(
1
2 ,−

1
2 ; 1;

r2

a2

)
(z = 0, 0 < r < a)

φa
DOH−

· 2F1

(
1
2 ,

1
2 ; 2;

a2

r2

)
(z = 0, r > a)

,

where

2F1(a, b; c;x) =

∞∑
n=0

(a)n(b)n
(c)nn!

xn, (x)0 = 1, (x)n =

n−1∏
k=0

(x+ k).

Fig. 3.5 shows the steady-state solution of the normalized concentration ( φa
DOH−

= 1) of

hydroxide ions.

The above fundamental solutions are useful in caluculating the physical param-

eters which depend on the electric field, pH, and ionic concentrations. These equations

make it easy to couple other physical models. In Chapter 6, the fundamental solution of

the electric field will be applied in calculation the deformation of soft matter.

3.3 Design of virtual cathode based on fundamental solutions

The aim of this section is to show that the above fundamental solutions can be applied

to design the desired distribution of the electric field, pH or ionic concentration in two-

dimensional space. As described in Section 3.2.1, the electric field induced by the Ohmic

current is subject to linear partial differential equations. Therefore, the electric field

induced by N virtual electrodes can be represented by the superposition of the fundamen-
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Fig. 3.6. Schematic view of generation of two-dimensional virtual cathode by scanning
an EB.

tal solutions. When the i-th virtual electrode (i = 1, 2, · · · , N) is generated at position

ri = (xi, yi, 0), the electric field at position R = (X,Y, Z) can be represented as follows:

E(R) =
N∑
i=1

G(ri,R)Ii,

where Ii denotes Ohmic current flowing at the i-th virtual electrode and

G(ri,R) =
ρ

2π ((xi −X)2 + (yi − Y )2 + (zi − Z)2)
.

On the contrary, when the value of the electric field at j-th position Rj is designated as

Ê(Rj) and N virtual electrodes are generated, the value of the current at the i-th virtual

electrode Ii is determined by solving the following simultaneous linear equations:


Ê(R1)

Ê(R2)

Ê(R3)
...

Ê(RN )

 =


G(r1,R1) G(r2,R1) G(r3,R1) · · · G(rN ,R1)
G(r1,R2) G(r2,R2) G(r3,R2) · · · G(rN ,R2)
G(r1,R3) G(r2,R3) G(r3,R3) · · · G(rN ,R3)

...
...

...
. . .

...
G(r1,RN ) G(r2,RN ) G(r3,RN ) · · · G(rN ,RN )




I1
I2
I3
...
IN


In the above equations, it is assumed that Ii can take on any real number, but this

assumption cannot be applied to the existing techniques of creating a virtual electrode

because both the anode and cathode cannot be generated simultaneously and the total

amount of the current is limited. To consider this restriction, the following optimization

problem should be solved to calculate Ii in the case of an electron-beam induced virtual

cathode:

minimize 1
N

∑N
j=1

(
Ê(Rj)−

∑N
i=1G(ri,Rj)Ii

)2

subject to Ii ≤ 0∑N
i=1 Ii ≥ I,
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Fig. 3.7. Fluorescence images of fluorescein and calcein before and 200 ms after the EB
spot irradiation.

where I denotes the maximum value of the current.

3.4 Measurements of pH and ionic concentration

To confirm the spatial expanse of the actual ionic currents and ionic shielding caused by

the EB-induced virtual cathode, spatiotemporal changes of fluorescence intensities around

the virtual cathode were observed in fluorescein and calcein water solutions.

3.4.1 Materials and methods

Fluorescein, NaCl, KOH, and HCl were purchased from Wako. Calcein was purchased

from Tokyo Chemical Industry. Tris was purchased from Nacalai Tesque. For measure-

ments of fluorescein and calcein water solutions, a filter cube (B-2A; Nikon, Ex: 450 nm,

DM: 505 nm, BA: 520 nm) was mounted on the fluorescence microscope.

3.4.2 Results and discussion

Fig. 3.7 shows the fluorescence images of fluorescein and calcein before and 200 ms after

the EB spot irradiation. The fluorescence intensity of the fluorescein increased during

the EB irradiation, whereas the calcein intensity decreased. Fig. 3.8(a) shows the relative

fluorescence changes of the fluorescein/NaCl/KOH solution (fluorescein: 0.5 mg/L, NaCl:

10 mM, KOH: 20 µM) after 200 ms EB irradiation; the increase in the fluorescence

intensity was observed within 20 µm from the virtual cathode. This fluorescence increase

was not observed in the fluorescein/Tris-HCl/KOH solution (fluorescein: 0.5 mg/L, Tris-

HCl [pH 8.0]: 10 mM, KOH: 20 µM), as shown in Fig. 3.8(b). Considering the pH

dependence of the fluorescence intensity of fluorescein, [38,39], the increase in fluorescence

intensity around the virtual cathode exhibited proton currents. These currents are be
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generated by electrolysis of water. It should be noted that the effects of photobleaching due

to the scattered electrons would be small, because the fluorescence intensity of fluorescein

in Tris-HCl buffer did not decrease. This would support the premise that the decrease

in fluorescence intensity of rhodamine B (Section 2.3) was not due to the photobleaching

but due to the temperature rise.

Fig. 3.8(c) shows the relative fluorescence change of calcein/NaCl solution (cal-

cein: 20 mg/L, NaCl: 10 mM) after 100 ms EB irradiation, and a 0.1–0.4% decrease in the

relative fluorescence intensity was observed within 3 µm from the EB spot. This decrease

in the fluorescence intensity could be due to the electrical transportation of the fluorescein

molecules because the fluorescein molecules are free acids and thus are negatively charged

in water [40]. Additionally, the florescence intensity of calcein was almost constant be-

tween pH 5 and 9 [41]. In summary, ionic currents flowed on the scale of several tens

of micrometers just after the start of EB irradiation, but the electric field was shielded

within 3 µm from the virtual cathode. Since the magnitude of the electric field caused by

the Ohmic currents around the virtual cathode depended on the amount of ionic currents,

the spatial resolution of the electric field of the virtual cathode would become finer by

lowering the beam current.

The pH increase around the EB spot would indicate that the stopped electrons

within the SiN membrane could induce water splitting reaction (2H2O+ 2e− −→ 2OH− +H2)

and that some of the stopped electrons were discharged from the membrane as ionic

currents. Since the water immersion lens was used in this experiment and some parts of

the lens were made of aluminum, the lens might be the cylindrical anode. Considering

that the working distance between the lens and the surface of the SiN was about 3 mm

and the diameter of the EB-induced virtual cathode was about 120 nm [42], the spatial

profile of the electric field around the EB spot was not affected by the existence of the

anode(lens) in our system. Therefore the ionic current around the EB spot would flow

isotropically.

3.5 Conclusion of this chapter

In this chapter, electrostatic effects of the virtual cathode were discussed. The physical

setup of the virtual cathode in an electrolyte solution was formulated, and the fundamental

solutions of the electric field, spatial distributions of electrolytes, and diffusion of hydroxide

ions generated by cathodic reactions were calculated. Using these fundamental solutions,

a design method for the virtual cathode was proposed to achieve the target electric field

or ionic concentrations by solving optimization problems. Finally, it was demonstrated

that an increase of pH and ionic shielding were induced around the EB-induced virtual

cathode as predicted by the calculations of the fundamental solutions.
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Fig. 3.8. Spatial profiles of fluorescence intensity changes in fluorescein and calcein solu-
tions at 100 ms after the start of the EB irradiation. (a) Fluorescein/NaCl/KOH
solution, (b) fluorescein/Tris-HCl/KOH solution, (c) calcein/NaCl solution. The
acceleration voltage was set at 2.5 kV, and the beam current was set at 0.6 or
1.6 nA. The graph shows the average of the three experiments. I0 indicates
the fluorescence intensity at 200 ms before the EB irradiation. Photobleaching
was compensated by the loss of the fluorescence intensity of the background
(31.9-32.5 µm from the virtual cathode).
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Chapter 4

Electrokinetic Transport Control in

Nanofluidics Using a Virtual Cathode

Display

In this chapter, we discuss electrokinetic phenomena such as electrophoreis and electroos-

motic flow induced by the EB-induced virtual cathode. We show that the EB-induced

negative charges could induce fluid flow, which was strong enough to manipulate 240-nm

nanoparticles in water, and we verify that the main dynamics of this EB-induced fluid

flow is electroosmosis caused by changing the zeta potential of the SiN membrane surface.

Moreover, we demonstrate manipulation of a single nanoparticle,concentration patterning

of nanoparticles, and dynamic control of strutures of DNA molecules by scanning EB.

4.1 Introduction

Manipulation techniques of biomolecules and cells in solutions are basic techniques for

biochemical analyses. Especially, electrokinetic manipulations using electroosmosis,

such as electrophoresis, dielectrophoresis or electroosmotic flow(EOF), have been widely

studied and applied to lab-on-a-chip devices [43–47], because these manipulations are

non-invasive and provide high-throughput. Moreover, electrical characteristics such as

electrical charges or permittivity are applicable for manipulations of several types of

biomolecules. However, the spatial resolution and degrees-of-freedom are restricted, since

these manipulations use several electrodes fixed on an experimental system.

In order to achieve high degrees-of-freedom and resolution, hybrid opto-

electrokinetic manipulation techniques [48–53] have been rigorously studied in recent

years. These techniques use both electrodes and laser optics. Local illumination of

light can cause a temperature rise (rapid electrokinetic patterning [48, 49]) or a change

in an electric field (opto-electrohydrodynamic assembly [51] and opto-electrokinetic

tweezers [52, 53]) around the illumination spot, and control of the electric field between

the electrodes will enable direct and local control of fluid. By changing the illumination

pattern of the light, spatio-temporal control of fluid can be achieved. These hybrid

opto-electrokinetic manipulations have achieved spatio-temporal and high-throughput
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manipulations of bio- and non-biomaterials [54–57], and these manipulations have been

applied to immuno assay [58] and measurement of diffusion coefficient [59].

Although these opto-electric manipulation techniques have a lot of advantages

as mentioned above, there are still fundamental limitations on spatio-temporal resolution.

First the spatial resolution of laser optics is limited due to the diffraction of the light

beams. In the case of opto-electrokinetic tweezers, the minimum size of a virtual electrode,

which was generated by light illumination, was 1.52 µm when a digital micro-mirror device

was used [52], and 2.8 µm when a liquid crystal display was used [60]. Second, the actual

trapping region of the particles was several micrometers or more in length because the

driving force of the particles or fluid exists outside the optically excited area. The rapid

electrokinetic patterning [48,49] achieved the manipulation of 2.0 to 0.1 µm particles, but

the cluster size of the particles was about 5.0 to 10.0 µm. Also, the size of the trapping

region by opto-electric tweezers [61] was also several micrometers or more in length. Third,

the temporal resolution of optical scanning is also limited to about kilohertz order due to

the mechanics of the lens. Thus opto-electrokinetic manipulations are not able to achieve

control of fluid or particles at a single nano molecule level or a microsecond level. To

overcome these limitations, we here apply the EB-induced virtual cathode technique to

the electrokinetic manipulations.

4.2 Models: EB-induced electroosmosis

4.2.1 EB-induced electrophoresis and electroosmosis

The physical model for the generation of these EB-induced fluid flows is as follows. As

shown in Chapter 2, some of the scattered electrons are charged within the SiN membrane,

which is a dielectric. Since the electrons have negative charges, the atoms around the

electrons are positively polarized and the atoms at the surface of the SiN membrane are

negatively polarized. Therefore the negative charges are generated at the surface of the

SiN membrane, and an electric field can be generated in liquid samples (Fig. 4.1 (a)).

When the EB was irradiated to the SiN membrane continuously, the temporal variation

of the EB-induced electric field becomes very small, and the EB-induced electric field can

behave as a DC or a low-frequency electric field. Therefore, the EB-induced electric field

can cause electrophoresis and EOF. When a spherical particle, which is inherently charged,

exists in a liquid sample, the motion equation of the spherical particle is as follows:

mr̈ = Fdrag(r) +QE(r) = 6πηa(u(r)− ṙ) +QE(r),

where η represents the dynamic viscosity coefficient of water, m, a and Q represent the

mass, radius and electric charge of the particle, respectively, and u(r) and E(r) represent

the velocity of the EOF and the electric field induced by the EB at the coordinate r,

respectively. The distribution of the EB-induced electric field E(r) is modeled by Poisson

equations under the condition that the scattered electrons exist in the SiN membrane

(Details are shown in Appendix B). The velocity of the EOF u(r) satisfies the following
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Fig. 4.1. Conceptual diagram of EB-induced virtual electrode and electroosmosis. (a)
Distribution of electrical flux lines induced by negative charges of scattered elec-
trons. λD and λE represent the Debye length of wet sample and the maximum
of the radial range of the EB, respectively. (b) (c) (d) Electrical flux lines and
direction of electrophoretic force (QE) and drag force of EOF (Fdrag), provided
that both the nanoparticles and the SiN membrane are negatively charged.
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Navier-Stokes equation with external electrokinetic force [62] :

∂u

∂t
+ (u · ∇)u = −1

ρ
∇p+ η

ρ
∇2u+ ρeE(r),

where ρ, p and ρe represent the density, pressure and the space charge density, respectively.

ρe is determined by the concentration distribution of cations and anions in the liquid

sample, and the distribution can be modeled by Poisson-Boltzmann equation or Poisson-

Nernst-Plank equation [62].

Electrophoretic force and drag force of EOF are the main driving force for manip-

ulation of liquid samples in the proposed method. The direction of electrophoretic force

is along that of the electric field, whereas the direction of drag force differs according to

the position because EOF, the origin of drag force, is generated at the SiN membrane

surface. For symmetry of the surface direction, the coordinate of the position r is here-

after represented in the cylindrical coordinate system (r,θ, z). In the region where r

is sufficiently larger than the maximum of the radial range of EB (λe) and z is smaller

than the Debye length of the liquid sample (λd) as shown in Fig. 4.1 (b), the electrical

field is almost along the surface of the SiN membrane, thus the horizontal EOF, which

is parallel to the SiN membrane, is generated. In the region where r < λeand z < λd

(Fig. 4.1 (c)), vertical flows as well as horizontal flows are generated, because the EOFs

are focused around EB spot and then fluid instability occurs. Due to these vertical flows,

drag force and electrophoretic force are generated in the region where r < λe and z > λd

(Fig. 4.1 (d)). It should be noted that the directions of drag force of the EOFs and the

electrophoretic force depend on the surface charge of the particles and SiN membrane.

4.2.2 Simulations

In order to get the spatial distribution of scattered electrons by EB irradiation, we did

Monte Carlo simulations using CASINO ver. 2.428 [63]. In these simulations, there were

three layers, the vacuum layer, 100-nm-thick SiN layer and H2O layer. An EB of 2.5 keV

(beam radius, 25 nm) was irradiated from the vacuum to the SiN layer, and trajectories of

scattered electrons were simulated. Detailed conditions of these simulations are described

in Appendix A.

Since accelerated electrons had both kinetic and electrostatic energies and the

EB kinetic energy was converted into thermal energy through the collisions of atoms,

electrostatic and thermal effects induced by the EB were also simulated by the FEM sim-

ulator, COMSOL Multiphysics 4.4 (COMSOL Inc.). Electrostatics and species transport

were combined to simulate the electric field profile, and heat transport and fluid dynamics

were combined to simulate the temperature rise and thermal convection. Since the kinetic

energy of electrons was so small (about 10 µW), we assumed that the temperature rise

was slight and all the physical parameters used in the FEM simulations were spatially

uniform. Detailed conditions of these simulations are described in Appendix B and C.
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4.3 Materials and methods

4.3.1 Materials

To visualize the EOF, 240-nm yellow fluorescent polystyrene nanoparticles (FP-0252-2,

Spherotech) were used. The nanoparticles were diluted in DI water, and 2.0 x 10−2 w/v

% (Sample A) and 1.0 x 10−2 w/v % (Sample B) nanoparticle dilutions were prepared.

A 1.0 x 10−1 w/v % (Sample C) nanoparticle dilution was also prepared by mixing 10 µL

of 1.0 w/v % nanoparticle dilution and 90 µL of 0.1 w/v % Pluronic F-127 (Invitrogen)

solution.

Two SiN membrane types were used, bare and PEI-coated. The PEI coating

process was as follows. First, 10 µL of 0.1 w/v % polyethyleneimine (Sigma-Aldrich)

solution was dropped using a micropipette onto a SiN membrane. After leaving this for

1 h at room temperature, the PEI solution was removed by sucking up the solution in a

pipette. The SiN was washed with DI water several times and air dried.

4.3.2 Observation of nanoparticles and luminescence in EB irradiated liquid

suspension

A 100 µL aliquot of Sample A was carefully dropped onto the surface of bare SiN membrane

and a 100 µL of Sample B was dropped onto the surface of PEI-coated SiN membrane.

Spot EB was irradiated onto each sample for 1 s, and the beam current of the EB was set

at 4 nA. Fluorescent images of nanoparticles and EB-induced luminescence were acquired

by the sCMOS camera. The spot EB irradiation onto Sample A was performed 3 times,

and the spot EB irradiation onto Sample B was performed 10 times.

4.3.3 Two-dimensional manipulation of a single nanoparticle and patterning of

concentration

We demonstrated two-dimensional manipulation of a single nanoparticle and patterning

of concentration by rapid EB scans. To make it easier to observe concentration patterns

of nanoparticles, a 10 µL aliquot of Sample C was dropped onto the surface of a bare SiN

membrane. The beam current of the EB was set at 13 nA.

4.3.4 Two-dimensional manipulation of DNA molecules

Following previous studies [64], bacteriophage T4 GT7 DNA was dyed with YOYO-1 fluo-

rescent dye, and then antioxidant and antifaders were added. Then, DNA and PEG#4000

(Average molecular weight: 2700-3500; Nacalai Tesque) were mixed with ultrapure wa-

ter, and the final concentrations of the DNA and PEG were 35 nMbp and 2.5% (w/v),

respectively. Finally, 1 mL of the sample solution was dropped onto a 100-nm-thick SiN

membrane.
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4.3.5 Image processing

All the images were processed using Image J (NIH). To suppress background noise, we

averaged images for 1 s before EB manipulation, subtracted the averaged image from each

frame of the video, and applied a 3 × 3 median filter to each frame of the video unless

otherwise noted.

To measure flow velocity during EB irradiation, we summed up the results of

each trial, suppressed background noise as mentioned above, and tracked gravity points

of nanoparticles by using Move-tr/2D (Library Co.).

4.4 Results

4.4.1 Simulations of scattered electrons and their electric field in liquid sample

Fig. 4.2 (a) shows the simulated trajectories of scattered electrons; their accelerating

voltage was set to 2.5 kV. Fig. 4.2 (b) shows the z-axial distribution of the scattered

electrons. Only 0.03 % of the scattered electrons were transmitted to the liquid layer.

Fig. 4.2 (c) shows the electrostatic potential and electrical flux lines in the liquid

layer, which were induced by the external electric field of scattered electrons in the SiN

membrane. The electrical flux lines became dense around the EB spot, which means that

the electric field was large. Figs. 4.2(d) and (e) show the x-axial and z-axial components

of the induced electric field, where the decomposition of the electric field was represented

as Fig. 4.2 (e). Each component had a peak at 100 - 200 nm, which meant that the

volume force was mainly applied within 1 µm. The heat transport simulations showed

that the 1 s irradiation of the 2.5 keV EB could only raise the temperature several degrees

Kelvin, and the flow velocity around the wall was smaller than that of the actual flow (see

Appendix C).

4.4.2 Observation of EB-induced fluid flow and SiN luminescence in DI water

Figs. 4.3(a) and (b) show time trajectories of nanoparticles (a) before and (b) during EB

irrdation when the bare SiN membrane was used, and the nanoparticles moved toward

the EB spot during the EB irradiation. The mean radial velocity of tracked nanoparticles

was as shown in Fig. 4.3 (c). When the bare SiN membrane was used, the nanoparticles

moved toward the EB spot, whereas they moved outward from the EB spot when the

PEI-coated SiN membrane was used. During EB irradiation, the absolute values of mean

velocity decreased monotonically over time, and moved in the opposite direction. The

movement of particles returned to Brownian motion about 200 ms after the end of the

EB irradiation.

In this study, the fluorescent nanoparticles were diluted using DI water, thus

the background intensity of fluorescent images indicated the concentration around focal

surface. The brightness within 20 µm from the EB spot decreased monotonically during
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Fig. 4.2. Simulation results of scattered primary electrons and the electric field induced by
the EB (X-Z plane view). (a) Simulated trajectories of scattered electrons (blue
lines) and backscattered electrons (red lines) which were ejected from the vac-
uum space. (b) Z-axial distribution of scattered electrons (except backscattered
electrons). (c) Simulated electrostatic field induced by scattered electrons. The
color map represents the voltage and the black lines stand for the electrical flux
lines. (d) (e) Distribution of x-axial component (d) and z-axial component (e)
of volume force by EB-induced electric field. (f) Decomposition of electrostatic
field.
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the EB spot irradiation, which meant that the concentration around the EB spot was

decreased. On the other hand, the brightness outside the 20 µm region around the EB

spot did not change (Fig. 4.4(a)).

Figs. 4.4(b) and (c) show spatial dependence of the radial and tangential velocity

40 ms before and 40 ms after the start of the EB irradiation. The radial velocity decreased

as a function of distance from the EB spot, whereas the tangential velocity was unchanged

before and after the EB irradiation.

4.4.3 Observation of EB-induced luminescence in DI water

The intensity of EB-induced luminescence decreased over time (Fig. 4.5 (a)). The ratio of

mean intensity of the luminescence to the initial intensity monotonically decreased during

EB irradiation, and the luminescence was quenched just after the end of EB irradiation

(Fig. 4.5 (b)).

4.4.4 Manipulation of solutes by scanning electron beam

Fig. 4.6 shows manipulation of a single nanoparticle movement. By scanning the EB

triangularly, a single nanoparticle was rotated around a target point (Fig. 4.6 (a)). The

coordinates of the gravity point of the tracked single nanoparticle were converted from

Cartesian coordinates to polar coordinates where the origin position was set to the target

point as shown in Fig. 4.6 (a), and the rotation angle was defined as the angle between

the initial line of the polar coordinates and the line between the origin and the gravity

point of the tracked nanoparticle. The variation of rotation angle from the manipulation

was as shown in Fig. 4.6 (b). The nanoparticle was rotated counterclockwise during EB

manipulation, whereas it had Brownian motion before and after EB manipulation. The

scanning EB moved the single nanoparticle straightly, where the scanning angle between

the direction of EB scan and the horizontal axis (θobj) was 88 deg (Fig. 4.6(c)). The

absolute values of velocity and the angle of velocity are shown in Fig. 4.6 (d). The

velocity peaked between 0.54 s and 0.60 s, when the difference between the angle of

velocity and the scanning angle became almost zero.

Fig. 4.7 shows the spatiotemporal patterns of nanoparticle concentration by

scanning “µ” and “Λ” patterns. The brightness of the scanned area decreased, and con-

centration patterns emerged as these letters.

4.4.5 Manipulation of DNA molecules by scanning electron beam

Spatiotemporal changes of DNAmolecules in PEG#4000 water solution occurred as shown

in Fig. 4.8. The acceleration voltage and beam current were set to 3.0 kV and 5.7 nA,

respectively. DNA molecule (a) was in a random coil state, and it was repelled from the

virtual cathode as soon as the EB irradiation started. On the other hand, molecule (b)

was elongated during the EB irradiation, and split at t =0.9 s. Considering that all DNA

molecules moved in the opposite direction of the electric field of the virtual cathode, this
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repulsion of DNA molecules can be attributed to electrophoretic effects since the DNA

molecules were negatively charged. Moreover, the elongation of the DNA molecule (b) due

to the balance of the shear stress of the electroosmotic flow and electrophoretic repulsion

force.
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Fig. 4.3. Nanoparticle movements during EB irradiations. (a, b) Time trajectories of
nanoparticles (a) before and (b) during EB irrdation when the bare SiN mem-
brane was used. (c) Average radial velocity of 240-nm-diameter nanoparticles
within 50 µm from the EB (mean ± SD (standard derivation), n = 10). Radial
movement of a nanoparticle occurred during irradiation of the EB spot (1.0 s ―
2.0 s), and its direction was reversed when the membrane had the PEI coating.
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Fig. 4.4. Spatial dependency of EB-induced flow when a bare SiN membrane was used.
(a) Relationship between distance from EB spot and intensity change over time.
Īmeans the averaged intensity over the area of each region, and Īinit means
the initial value of Ī (the noise suppression was not performed). The intensity
within 20 µm decreased during EB irradiation. (b) (c) Spatial dependence of
the mean radial (b) and mean tangential (c) velocities 40 ms before and 40 ms
after the start of the EB irradiation (mean ± SD , n ≥ 10).
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Fig. 4.5. Spatiotemporal transition of EB-induced luminescence. (a) Intensity of EB-
induced luminescence after start of EB irradiation. As irradiation time passed,
the height of the intensity peak decreased. (b) Averaged intensity of EB-induced
luminescence within 0.5 µm from the EB spot.
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Fig. 4.6. Demonstration of rotational and translational manipulations of a single nanopar-
ticle. (a) Trajectory of rotationally manipulated nanoparticle. Yellow circle
indicates the target point of the rotational manipulation, and yellow arrows in-
dicate the spatio-temporal pattern of the EB scan. (b) The rotation amount
of the nanoparticle. When the nanoparticle was manipulated as shown in (a),
the rotation amount monotonically increased. (c) Trajectory of translationally
manipulated nanoparticle. Yellow arrows indicate the spatio-temporal pattern
of the EB scan. (d) The error from the target angle (θobj =88 degrees) and
velocity of the manipulated nanoparticle as shown in (c). The error decreased
and the velocity was maximized between 0.54 s and 0.60 s.
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Fig. 4.7. Two-dimensional concentration patterning of (a) “µ” and (b) “Λ”shape pat-
terns. (Left) Actual EB scan pattern. (Right) Temporal variation of fluores-
cence. Degradation of fluorescence was observed in the scanned area.
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Fig. 4.8. Temporal changes of DNA molecules in PEG#4000 water solution. (Top) Time
lapse images of the DNA molecules. The square virtual cathode was generated,
and the yellow box indicates the irradiation area. (Bottom) Temporal change of
the major axis of the DNA molecule (b). The shape of the DNA molecule was
approximated with an ellipsoid using ImageJ.
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4.5 Discussion

4.5.1 Existence of EB-induced EOF

In this study, we proposed a new control method and its physical model of electrokinetic

transport in liquid samples by EB irradiation. The driving forces of manipulation in the

proposed method were electrophoretic force and fluid drag force of EOF induced by the

EB-induced virtual electrode. Actually, the radial movement of the particles and the

reversing of the direction of this movement without the PEI coat on the SiN membrane

surface implied the existence of EOF and ruled out the possibility that thermal convection

was the main mechanism of bottom flow. Moreover the intensity decrease of particles

around the EB spot implied the coexistence of EOF and electrophoresis. Besides the

experimental results, the FEM simulations also supported our findings that the driving

force of EOF could exist around the EB spot and the thermal convection could not affect

particle transport in the observed region.

Since the zeta potential of the nanoparticles was about -4 mV (Manufacturer’s

information), the nanoparticles were negatively charged inherently, and were subject to

electrophoretic force and the drag force of the electroosmotic flow when an electrostatic

field was applied. In spite of the existence of these two forces, the drag force of EOF would

be bigger than electrophoretic force around the surface of the SiN membrane according

to the result that the direction of the movement of the nanoparticles was reversed when

the bare SiN membrane was coated with PEI as shown in Fig. 4.3(b). The PEI coating

could affect the zeta potential of the surface of the SiN membrane, which determined the

direction of EOF, and could not affect the zeta potential of the nanoparticles. Therefore,

the drag force of EOF would contribute to the reversal of nanoparticle movement when the

PEI was coated on the SiN membrane, which indicated the drag force of EOF would be

bigger than electrophoretic force. The electrophoretic force was small in the experiments,

because the zeta potential of the nanoparticles was small (about -4 mV) in the experiments

and the electrophoretic velocity of the nanoparticles were decelerated by the electric force

applied to the excess cations (H+) within electric double layer around the nanoparticles.

If the nanoparticles are more charged, the electrophoretic effects due to the inherent

charges and polarization charges due to the EB-induced electric field will become more

significant. Our future work will include the details of inherent and polarization charges of

highly charged nanoparticles during EB irradiation and their effects to the manipulation.

The direction of observed movement of particles was consistent with previous

studies. These studies showed that the zeta potential of solid SiN in pH 7.0 aqueous

solution was about -40.0 mV [65, 66], so the cations (H+) in DI water were thought to

be attracted to the bare SiN membrane when it was used, which meant that the spatial

charge density ρe was positive near the surface of the bare SiN membrane. On the other

hand, PEI is a cationic polymer [67], so the anions (OH−) in DI water were thought to
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be attracted to the PEI-coated SiN membrane when it was used, which meant that ρewas

negative near the surface of the coated SiN membrane. The radial electric field Er was

negative, because the direction of the EB-induced electric field E was toward the EB

spot. Thus the radial component of the driving force of EOF ρeE(r) was negative when

the bare SiN membrane was used, and positive when the PEI-coated SiN membrane was

used, which were consistent with the directions of actual movement of particles shown in

Fig. 4.3 (b).

Since the EB-induced electric field was highly focused according to the FEM

simulations, there was a possibility that cathodic reactions such as electrolysis of DI water

occurred, and the anionic chemical species generated by the cathodic reactions might

affect the movement of the nanoparticles during the EB irradiation. However, the effect

of electroosmotic flow due to the electric field of electrons would be larger than that of the

generation of anionic chemical species even if cathodic reactions had occurred during the

EB irradiation, because our experiments showed the direction of particle movement was

reversed when PEI was coated on the SiN membrane, and the PEI coating had nothing

to do with cathodic reactions.

Therefore our results provided strong evidence supporting the physical model of

the proposed method, which was based on EB-induced electroosmosis, and the possibility

of manipulation of liquid samples by electrophoretic force and drag force of EOF. From

the viewpoint of the manipulation mechanism, our method was quite different from that

of hybrid manipulation methods using optics and electrodes [48–53], because our method

could directly induce a focused electric field and easily control it. This direct control of

an electric field implied that our manipulation method did not need any special coating

or layer such as an indium tin oxide layer or photoconductive layer on an electrode or

membrane, nor did it need a complicated control system for the optics and electrodes.

Thus our manipulation method would achieve both simplicity of the experimental system

and high-throughput of manipulation.

The Monte Carlo simulation results also implied that the proposed method could

generate an EB-induced virtual electrode having a size of about 100 nm. This size was

ten times less than that of opto-electric tweezers [52,53]. Therefore, the proposed method

could be expected to achieve nanoscale manipulations of biomolecules, which would not

be achievable by opto-electrical manipulations. Although the proposed method achieved

the size of the virtual electrode as simulated, the experimental results showed that the

nanoparticles within 30 µm from the EB spot moved in the radial direction during the

irradiation. The spatial resolution of the proposed technique, however, was tens of mi-

crometers and we could not achieved better spatial resolution than in previous studies.

One of the reasons for this was the Debye length. In our paper, we used DI water as

solvent in order to suppress the effect of electric shielding of ions. The Debye length of DI

water is about 1 µm [62], so the range of the electrokinetic effect was large. Future work

should include experiments with changes of the ion concentrations in the liquid suspension

to shorten the Debye length and achieve better spatial resolution.
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In our experiments, the EB was irradiated continuously, so the effect of dielec-

trophoresis was considered to be small. However, the FEM simulation results implied

that the profile of the EB-induced electric field was non-uniform. Therefore, the dielec-

trophoretic force as well as electrophoretic force should be considered when the EB is

manipulated at high frequency such as rapid and repeated EB scanning or blanking. Our

future research will include dielectric phenomena of electron-beam manipulation and its

effects on liquid samples.

Our findings indicated that the effect of electroosmosis should be considered in

SEM observations for wet samples [68–71]. The accelerating voltages of these studies were

higher than that in our study (2.5 keV), so the electric field generated by the scattered

electrons would have induced EOF the same as in our experiments, and the fluid motion

would affect the spatial resolution of images of wet samples. The SEM observation for

solid materials was reported to be affected by the collisions of scattered electrons and

their electrostatic force [72]. These facts implied that the effect of not only kinetic and

electrostatic energies of the EB but also the EOF induced by the EB should be considered

for SEM observations of wet samples to achieve better resolution.

4.5.2 Time response of EOF

The monotonic decrease of the average radial velocity and EB-induced luminescence dur-

ing EB spot irradiation for 1 s implied that the strength of the EB-induced electric field,

the driving force of electrophoresis and EOF would decrease. We thought that one of the

reasons for this decrease was deceleration of electrons by negative charges of the SiN mem-

brane. The negative charges of the SiN membrane induced an electric field not only in the

liquid sample but also in the vacuum space, and the electrons were subjected to repulsion

electrostatic force and decelerated by the EB-induced electric field, which would result

in the deceleration of electrons. At the same time, the range of the EB also decreased,

and thus the effect of the EB-induced electric field on the liquid sample decreased. This

deceleration of electrons by charges of sample is known as “retarding” and it has been

used to increase resolution of SEM images [73].

The return to Brownian motion 200 ms after the end of EB irradiation implied

that the surface charge was released and there would be no external electric field due to this

charge. This meant that the proposed method could easily switch the EB-induced electric

field on and off at intervals of several hundreds of milliseconds. The return to Brownian

motion after the end of EB irradiation, however, could have several causes. One possible

cause would be the discharge of the injected electrons from the SiN membrane, such as

secondary electron emission into a vacuum or leakage of current to the silicon nitride

membrane and the liquid sample. This discharge of electrons would induce the change of

the electric field. Another cause would be the sudden change of the electric field generated

by induced-charge electroosmosis [74]. Future work should include study of the physical

model for the discharge of electrons and its temporal effects on manipulation.
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4.5.3 Two-dimensional control of electrokinetic transport

The proposed method achieved translational manipulation of a single particle as well as

two-dimensional patterning of particle concentrations by using EB-induced electroosmo-

sis. This meant the possibility exists for spatio-temporal manipulation of biomaterials

the same as in opto-electrical manipulation methods [48–53]. Considering that the mass

of electrons is very small and thus the time resolution of the EB scan can be achieved

on a micro second scale, we expect that simultaneous generation of several virtual elec-

trodes in the two-dimensional space by rapid EB scanning would be possible, and that

the proposed method would provide high-throughput and more degrees-of-freedom than

the opto-electrical manipulation methods [48–53].

The control rule of EB-induced electrodes, however, would be more complicated

than that of the opto-electrical manipulation methods [48–53], because the EB spot gen-

erates both vertical and horizontal flows around the EB spot, and thus the trapping point

cannot be generated by a simple EB spot irradiation, whereas the trapping point can

be generated by the opto-electrical manipulation methods [48–53]. However, it would

be possible to generate various electric field lines and stream lines of EOF by spatio-

temporal arrangement of EB-induced virtual electrodes by rapid EB scanning in order to

generate trapping points or get the desired control of particles. Therefore future work

should include the design of an electric field by EB scanning to generate desired particle

concentration patterns or to control particle movement.

4.5.4 Conclusion of this chapter

In this chapter, the electrokinetic phenomena around the EB-induced virtual cathode were

investigated. We first presented a physical model of the proposed method, which was

based on the electroosmosis induced by the negative charges of EBs in a SiN membrane.

Second, we showed that the 2.5 keV EB could generate EOF in DI water, and that two

characteristic flows could be generated, vertical flow around the EB spot and horizontal

flow which was parallel to the surface of SiN membrane. These results were consistent with

the presented physical model. We also showed the time-dependent behavior of the EB-

induced EOF. Finally, we demonstrated applications of the proposed method to rotational

and translational manipulations of a 240-nm-diameter polyethylene nanoparticle in two-

dimensional space, and two-dimensional patterning of concentration of 240-nm-diameter

nanoparticles. Moreover, elongation of DNA molecules was achieved by using shear stress

of the EOF.

We expect the proposed method will enable both high-throughput and nanoscale

manipulation of biomolecules to be achieved because of the smallness of the EB-induced

virtual electrode, controllability of EOF and high response of the induced electric field.
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Chapter 5

Surface Reactions of a Virtual Cathode

and Their Applications to Patterning

Molecules

The purposes of this chapter are to demonstrate in-situ control of surface reactions such

as detachment and deposition of various molecules in aqueous solutions by EB-induced

virtual cathode and to explore the main causes of detachment and deposition. To this

end, an EB was irradiated onto biopolymers and sugar molecules at several accelerating

voltages, and temporal changes of detachment and deposition of their molecules were

observed by optical microscope. In addition, spatial distributions of scattered electrons

were numerically simulated, and the main causes of detachment and deposition were

determined from the results of the simulations and experiments.

5.1 Introduction

Patterning organic molecules on substrates has been one of the fundamental techniques

in research fields such as biochemistry and bioengineering. [75, 76] For example, micro-

and nanopatterns of proteins and biopolymers have been used for modifying cell-substrate

interactions and locally controlling processes such as cell adhesion [77,78], migration [79–

81], and alignment [82,83]. Moreover, for the dynamic control of cell adhesion, the in situ

modification of a substrate in a cell culture has been achieved. [78,80]

To pattern organic molecules on a substrate, researchers have adopted various

methods, such as photolithography [9], soft lithography [10], and electron-beam lithog-

raphy [84–87], and various materials, such as stimulus-responsive polymers [78, 88, 89].

Although these methods and materials have been successfully applied in the many re-

search fields mentioned above, satisfying both the high spatial resolution and in situ

controllability of patterning remains a problem to be solved. Conventional lithographic

methods [9, 10, 84–87] have achieved high-resolution patterns on micro- and nanometer

scales, but these patterns could not be changed after being fabricated. That is, the

patterns on the substrate in a cell culture, for example, could not be changed once cell

culturing was started. Stimulus-responsive polymers [78,88,89] were proposed as solutions
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to the problem of controllability, but the variety of these materials was limited. Moreover,

the spatial resolution of patterning was limited, since an electrode or light was used as the

physical stimulus for the polymers. To overcome this limitation on the spatial resolution,

we applied the EB-induced virtual cathode to patterning of organic molecules.

5.2 Materials and methods

5.2.1 Setup of virtual cathode system

A water-immersion objective lens (100x, NA=1.1, WD=2.5 mm, Nikon) was attached to

the reflected-light microscope and focused on the surface of the SiN membrane. A LED

white-light source (SOLA, Lumencor) was used for epi-illumination, and a polarizing unit

(Nikon) and a fluorescent filter block (Ex: 540/25, Em: 605/55, TRITC, Nikon) were

attached to observe samples by polarized light microscopy and fluorescence microscopy,

respectively. The accelerating voltage of the EB was set at 2 to 3 kV, and the beam

current was set at 4 to 13 nA. The EB was scanned on the SiN membrane in a rectangular

shape. The scanning rate was 73 ms per frame.

5.2.2 Detachment of MPC polymers

To demonstrate detachment of organic molecules from the SiN membrane, the membrane

was coated with 2-methacryloyloxyethyl phosphorylcholine polymers (MPC polymers)

[90]. The coating procedure was as follows: 10 µL of 0.2 % (w/v) MPC polymer, that

is, poly(MPC-co-n-butyl methacrylate) (PMB 30) solution in ethanol was dropped by

micropipette onto a SiN membrane and left in ethanol vapor for more than 30 minutes

at room temperature to volatilize the solvent completely. Then, another 10 µL of 0.2 %

(w/v) MPC polymers solution in ethanol was dropped onto the SiN membrane and left in

ethanol vapor for more than 30 minutes. While the coated membrane was being irradiated

by the EB, 1 mL of ultrapure water was dropped onto it.

The MPC polymer was stained with rhodamine B. The staining procedure was

as follows: A sufficient quantity of 0.02 % (w/v) rhodamine B (Wako Junyaku) solution

in ultrapure water was dropped onto the MPC polymer-coated SiN membrane to cover it

with the rhodamine B solution. After the membrane was left for several minutes at room

temperature, the dye solution was sucked up by pipette, and the membrane was washed

with ultrapure water several times.

5.2.3 Deposition of organic molecules

To demonstrate deposition of organic molecules, 1 % (w/v) D(+) glucose (Sigma-Aldrich)

solution, 1 % (w/v) sucrose (Wako Junyaku) solution, and 0.1 % (w/v) polyethyleneimine

(Sigma-Aldrich) solution were prepared. 1 mL of 1 % (w/v) glucose solution, 1 mL of 1

% (w/v) sucrose solution, and 600 µL of 0.1 % (w/v) polyethyleneimine (PEI) solution

were dropped onto each bare SiN membrane. The deposition was observed by polarized
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light microscopy (crossed-Nicols).

5.2.4 Monte Carlo simulation of transmission of electrons

The scattering process of electrons at accelerating voltages of 2 to 3 kV was simulated,

and maximum range of electrons was estimated by using a Monte Carlo simulator, i.e.,

CASINO ver. 2.48 [63]. The geometrical and material setups of the simulations are shown

in Fig. 5.1(a). In each simulation, 107 electrons were simulated, and each electron was

simulated until its kinetic energy dropped below 50 eV.

5.3 Results

5.3.1 Simulation of scattered electrons

Simulated z-axial maximum ranges of scattered electrons (excluding backscattered elec-

trons), under accelerating voltages of 2.0, 2.5, and 3.0 kV, are shown in Fig. 5.1(b). When

the accelerating voltage was set at 2.0 kV, no electrons could reach the water layer. On

the other hand, some electrons could reach the water layer when the accelerating voltage

was set at 2.5 and 3.0 kV, and the number of electrons transmitted to the water layer

increased as the accelerating voltage increased. The ratio of transmitted electrons to total

injected electrons was shown in 5.1(c).

5.3.2 Observation of detachment of MPC polymers

Fluorescent images and average-intensity profiles of the MPC polymer-coated SiN mem-

brane after it was scanned with the EB for 5 s are shown in Fig. 5.2(a). The fluorescence

intensity of the EB-scanned area decreased compared with that of the unscanned sur-

rounding area, and the boundary between the scanned and unscanned areas shows a

sharp decrease in fluorescence intensity. The decrease in fluorescence occurred when the

membrane was irradiated with EBs with accelerating voltages in the range of 2.0 to 3.0

kV, as shown in Fig. 5.2(b). In these experiments, the beam current was set at 4 to 5 nA.

It is noted that the membrane was stained with rhodamine B after the EB irradiation;

thus, the primary electrons of the EB did not give any chemical effects to the rhodamine

B molecules.

The temporal change of the MPC polymer-coated membrane during EB scanning

is shown in Fig. 5.3(a). The membrane was stained with rhodamine B before being

irradiated by the EB, and the accelerating voltage and beam current were set at 2.5

kV and 13 nA, respectively. Spatiotemporal change of the ratio of average fluorescence

intensity to the initial value is shown in Fig. 5.3(b). In the 5-µm-square scanned area

(inner area), average fluorescence dropped by 9 % after 5-s EB scanning, and it then

recovered after over 40 s. Average fluorescence intensity outside the scanned area (outer

area) also decreased, but it recovered after only 10 s, and its final value was 1.3% less

than the initial value. It is noted that fluorescence intensity of rhodamine B decreases
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Fig. 5.1. Monte Carlo simulations of scattered electrons with various accelerating volt-
ages. (a) Simulation conditions for scattered electrons. (b) Maximum range
of scattered electrons with acceleration energies of 2.0, 2.5, and 3.0 keV. The
2.0-keV EB could not reach the water layer, whereas the 2.5- and 3.0-keV EBs
could reach the water layer. (c) Ratio of transmitted electrons to total injected
electrons

as temperature rises [35, 91], and that temperature rise of water around an EB spot was

confirmed as shown in Chapter 2; thus, the decrease in the fluorescence intensity outside

the scanned area would be due to the temperature rise and would have little to do with

the detachment of MPC polymers.

5.3.3 Observation of deposition of sugars and PEI polymers

When a 2.5-keV EB was irradiated onto the 1%-glucose solution and the 1%-sucrose

solution, some depositions on the SiN membrane were observed. Temporal change of

bright-field images before and during the 5-s EB irradiations onto the ultrapure water,

glucose, and sucrose solutions are shown in Fig. 5.4(a). The beam current was set at

13 nA. Temporal variations of mean brightness within 9.75 µm from the center of the
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scanning area are shown in Fig. 5.4(b). The brightness of the SiN membrane monotoni-

cally decreased when the ultrapure water was used. On the other hand, when glucose and

sucrose solutions were used, the brightness of the SiN membrane decreased from 1 to 3 s

and then increased from 3 to 5 s.

When 2.5- and 3.0-keV EBs were irradiated onto 0.1% PEI solutions, some depo-

sitions were also observed. Bright-field images before and after the 5-s EB irradiations are

shown in Fig. 5.5(a), and temporal changes of the ratio of brightness to initial values are

shown in Fig. 5.5(b). The beam current was set at 4 to 5 nA. In the cases of irradiation

by 2.5- and 3.0-keV EBs, the brightness of scanned area decreased, whereas in the case of

irradiation by a 2.0-keV EB, it stayed almost the same as the initial state. The decrease

of brightness during 3.0-keV EB irradiation was twice as much as that during 2.5-keV EB

irradiation.
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Fig. 5.2. Decrease in fluorescence intensity of rhodamine B on MPC-coated SiN mem-
brane after EB irradiation. (a) Fluorescent images (top) and average intensity
profiles (bottom) after 2.0- to 3.0-keV EB irradiations. (b) Relationship be-
tween accelerating voltages and intensity ratios of scanned area (5-µm square)
to unscanned area (14- to 16-µm square). Iin and Iout are average intensities
of the scanned area and unscanned area, respectively. The red line indicates
average trial values for each accelerating voltage.
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Fig. 5.3. Spatiotemporal changes of the surface of MPC-coated SiN membrane during
EB irradiations. (a) Time-lapse images of MPC-coated SiN membrane dur-
ing and after EB irradiation; bright-field (top) and fluorescence (bottom) mi-
croscopy. (b) Temporal changes of average fluorescence intensity of inner area
(5-µm square) and outer area (14- to 16-µm square). I(t) is average fluorescence
intensity over the region at time t.
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Fig. 5.4. Spatiotemporal changes of the surface of a bare SiN membrane during EB ir-
radiations onto ultrapure water, glucose, and sucrose solutions. (a) Time-lapse
images of deposition of sugars during EB irradiations in bright-field microscopy.
(b) Temporal changes of average gray values of 9.75-µm square region from the
center of the scanning area. I(t) is the average gray value over the region at
time t.
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Fig. 5.5. Spatiotemporal changes of the surface of a bare SiN membrane during EB irra-
diation onto a PEI solution. (a) Bright-field images before and after 2.0 to 3.0
keV EB irradiations onto a PEI solution. (b) Temporal changes in average gray
values of the acquired images. I(t) is the average gray value at time t.
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5.4 Discussion

5.4.1 Detachment phenomenon and electric field of an EB

The experimental results presented in Section 5.4.2 showed that 2.0- to 3.0-keV EB ir-

radiation could decrease fluorescence intensity of rhodamine B stained on MPC polymer

layer. This decrease in fluorescence intensity of the EB-scanned area implies that the

EB irradiation reduces the density of MPC polymers, since the fluorescence indicates the

density of MPC polymers on the SiN membrane. It is therefore concluded that the MPC

polymers coated on the SiN membrane can be detached by EB scans. Moreover, the flu-

orescence intensity was shown to temporally recover, possibly due to migration of MPC

polymer chains and rhodamine B molecules, and re-adsorption of rhodamine B molecules

in water to remaining MPC polymers. This phenomenon, however, needs to be clarified

through further studies.

According to Chapters 2,3 and 4, at least three possibilities can be raised for

the detachment phenomenon of MPC polymers: (1) electrical effects of the electric field

induced by trapped electrons, (2) chemical reactions due to primary electrons of an EB,

and (3) temperature rise by scattering of accelerated electrons. However, the latter two

possibilities can be ruled out for the following reasons. In consideration that even a 2.0-

keV EB can decrease fluorescence intensity, as shown in 5.2, the detachment of MPC

polymers cannot be due to the chemical effects of accelerated primary electrons of an EB

because the Monte Carlo simulations demonstrated that primary electrons of a 2.0-keV

EB cannot be transmitted to a water layer (Fig. 5.1(b)). In addition, the numerical

simulations (Appendix C) showed that 1-s EB irradiation only raised the temperature of

the substrate and liquid sample 3 to 4 degrees Kelvin when accelerating voltage and beam

current were 2.5 kV and 4 nA, respectively.

In light of the results described above, the detachment of MPC polymers is sup-

posed to be due to the electrical effects of the EB (such as electrophoresis or concentration

of cations). It would be possible to deform polymer chain entanglements in MPC polymer

layer by the electric field of trapped electrons within the SiN membrane. This change

of intermolecular interactions would be one of the reasons for the detachment of MPC

polymers. However, the magnitude of electrical effects of an EB compared to other inter-

molecular interactions (such as van der Waals forces or hydrophobic forces [92]) remains a

question. In the case of MPC polymers, strong attraction forces are exerted between the

polymers and the SiN membrane, because the polymers have a hydrophobic part, and the

surface of the SiN membrane is also hydrophobic. Electrical effects of an EB could change

ionic interactions between the polymers; however, it was unclear from our results whether

the electrical effects of an EB surpassed the strong hydrophobic interaction between the

MPC polymers and the SiN membrane. Accordingly, future studies should focus on the

relationship between the electrical effects of an EB and other intermolecular interaction
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forces.

The proposed detachment method could be applied to other polymers and or-

ganic molecule. Considering that the previous research achieved EB manipulation of living

cells in cell culture [93, 94], it would be possible to fabricate a cell-adhesion area in cell

culture in-situ by detaching adsorbed molecules on a SiN membrane with EB scans. More-

over, it would be possible to detach molecules on the nanoscale in electrolyte solutions

such as cell media because of the Debye shielding by concentration of cations.

5.4.2 Deposition phenomenon and primary electrons of an EB

The experimental results presented in Section 5.4.3 showed that some depositions were

generated by 2.5- to 3.0-keV EB irradiations, and that the patterns of brightness of

the depositions differed. Since the samples contained only ultrapure water and organic

molecules, it is supposed that the depositions were made from the organic molecules in

the samples. Moreover, a 2.0-keV EB could not generate depositions made from PEI.

Since the numerical simulations showed that primary electrons of a 2.0-keV EB could

not be transmitted to the water layer, the deposition phenomenon possibly has a relation

with the transmission of primary electrons into the water layer. It is therefore supposed

that the deposition phenomenon is due mainly to the chemical reactions induced by the

primary electrons of the EB rather than the electrical effects of the EB. The chemical

reaction induced by EB irradiations could be explained by previous researches [84–87].

For example, it was reported that low-energy electrons could cause crosslinking reactions

of poly(ethylene glycol) (PEG) polymers on a silicon surface by EB irradiation [84, 85].

Similar crosslinking reactions would be generated in the EB system used in the current

study, since the transmitted and secondary electrons stopped around the interface between

a water layer and a SiN membrane according to the numerical simulation (Fig. 5.1(b)).

The details of the chemical reactions induced by an EB will be studied in future studies.

It is concluded from the above discussion that the proposed technique for de-

positing PEI polymers, which have been used for biochemical techniques such as cell

adsorption [95], immobilization of enzymes [96] and gene delivery systems [97], can there-

fore be applied to fabrication of polymer deposition in solutions for in-situ biochemical

analysis. In addition, it would achieve about 120 nm resolution according to our previous

studies of the deposition made from EDOT. [94] Therefore, the proposed technique would

achieve both of in-situ and nanometer scale fabrication of cell scaffolds in cell culture,

which could not be achieved by the previous studies of conventional lithographic meth-

ods [9, 10, 84–87] and stimuli-responsive polymers [78, 88, 89]. However, the physical and

chemical properties of the depositions are still unknown; thus, further studies are needed

to determine these properties and to apply them to biochemical analysis. To this end,

our future studies will include measuring physical features such as thickness and elasticity

and chemical features such as composition, binding energy, and functionality as organic

molecules.
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5.5 Conclusion of this chapter

In this chapter, we demonstrated surface reactions such as detachment and deposition of

various molecules in aqueous solutions. MPC polymers were detached from a SiN mem-

brane, and glucose, sucrose, and PEI polymer molecules were deposited on the membrane

in water by EB irradiation. In addition, the results of experimental and numerical simula-

tions suggest that the detachment phenomenon of MPC polymers is due to the electrical

effects of the EB and that the deposition phenomenon of the PEI polymers is due to chem-

ical reactions induced by kinetic energy of the EB. Therefore, these two surface reactions

could be controlled by changing acceleration voltages. It is expected that the proposed

method of the detachment and deposition of organic molecules will be applied for in-situ

fabrication of cell scaffolds or biochemical analysis on the nano-meter scale.
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Chapter 6

Electromechanical Control of Lipid

Membrane Morphology and Domains

6.1 Introduction

Surfaces of living cells are made of lipid bilayers that have some important roles to main-

tain cell activities. For example, lipid bilayers separate a cell from the outer environment

and maintain concentrations of ions and molecules by passive and active transportation

of water, ions, and small molecules using membrane proteins such as ion channels and

pumps. It is thought that lipid molecules and membrane proteins on the membrane are

not distributed uniformly but localized by forming domain structures called as “lipid

rafts.” Moreover, cell membranes can be easily deformed by a cytoskeleton such as actin

filament, because the membranes have fluidity. Therefore, studies on lipid rafts and me-

chanical properties of lipid bilayers are very important to understand the mechanism of

various self-assembled structures of living cells. For these studies, manipulation techniques

of lipid bilayers have been widely studied as follows.

6.1.1 Mechanical measurements of lipid bilayers

To study the viscoelasticity of lipid bilayers, micropipette aspiration of giant vesicles

[98,99] and optical or optoelectric tweezers [23–26] have been used. These techniques have

enabled average viscoelastic features of vesicles, since applied forces to the lipid membrane

can be analytically calculated (micropipette aspiration) or can be easily measured (optical

tweezers). However, these techniques are not suitable for spatiotemporal dependencies

of the viscoelasticity. In case of micropipette aspiration, a micropipette is fixed, and

control of the aspirated area of the target vesicles is difficult. In case of optical tweezers,

attachment of microbeads is needed since the trapping force of lipid molecules is low, and

spatially selective control of the attachment is difficult. In addition, previous techniques

cannot be used to achieve operando analysis of mechanical properties such as pH or

electrical stimuli.
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6.1.2 Formation and patterning of solid supported lipid bilayers

To study membrane proteins and lipid rafts, solid supported lipid bilayers (SLBs) [100] as

well as vesicles have been used, since reproducibility and size control of vesicles are difficult

and plane structures are useful for quantification by fluorescence microscopy and atomic

force microscopy. For fabrication of solid supported lipid bilayers, vesicle fusion tech-

niques and self-spreading techniques [101–103] have been established. Many researchers

have achieved various measurements such as membrane electrophoresis for separation of

membrane protein [104–106], observation of lateral diffusion of a single molecule on a

SLB [107], observation of reaction-diffusion waves in Min protein systems [108], and so

on. Especially, self-spreading techniques have achieved measurements of temporal dynam-

ics of intermolecular interactions such as fluorescence resonance energy transfer.

For large-scale measurements, the patterning techniques of SLBs have been also

studied. Photolithography [109]; soft-lithography, such as micro contact printing [110]

and dip-pen nanolithography [111]; and lasers [112,113] have been applied to achieve the

patterning of SLBs. However, these patterning methods can achieve only static patterning.

To achieve temporal or spatial measurements of dynamics on SLBs, dynamic patterning

and spreading control of self-spreading SLBs are needed.

6.1.3 Objectives of this chapter

As described above, dynamic control techniques of lipid membranes are needed to carry

out spatiotemporal measurements and operando analysis of lipid membranes. To control

a two-dimensional flow of the lipid membrane, the following manipulations are necessary:

1. Patterning the lipid membrane to control the existence area of the lipid membrane;

2. Controlling the surface energy of the SiN membrane to change the spreading speed

of the SLBs;

3. Exerting stress on the SLBs to deform their edges.

The objective of this chapter is to demonstrate that the EB-induced virtual cathode

can achieve the above three manipulations of lipid membrane, and to apply the EB-

induced virtual cathode to the directed self-assembly of the morphology and domains of

the artificial lipid membrane.

6.2 Physical models of self-spreading supported lipid bilayers

Self-spreading SLBs are generated as shown in Fig. 6.1. First, a solid support, such

as glass, is hydrophilized by a piranha solution, and dried lipid film is spotted on the

solid using a glass capillary. Then, water solution is statically dropped on the solid. If

the surface energy between the water solution and the solid is lower than surface energy

between the SLB and the solid, lipid bilayers start spreading spontaneously, and an SLB
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Fig. 6.1. Schematic view of self-spreading supported bilayer.

is generated on the solid. SLBs are usually visualized by attaching fluorescent molecules.

Single and stacked bilayers can be distinguished by the discretized peaks in the histogram

of the fluorescence intensity [102] or the increase of the fluorescence intensity at the edge

of the membrane. There is a 1 nm gap between the SLB and the solid support called

as “hydration layer,” which is formed due to the hydrophilic surface and the hydrophilic

head groups of the lipid molecule. [114, 115] Spreading phenomena of SLBs depend on

ionic strength of the water solution due to repulsion force of the electric double layers

between the SLB and the solid. [102] When pure water was used, a single SLB is formed,

whereas stacked SLBs called “lobes” are formed when ionic strength of the water solution

is high (1 mM to 1 M) because the repulsion force of the electric double layers is weakened

due to ionic shielding.

Since SLBs have fluidity on the solid support, SLBs can be considered as consti-

tuting a two dimensional fluid in water. According to [101,116], the two-dimensional flow

of the SLB can be modeled as the following Stokes equation.

ζv = ∇σ − µ∇2v, (6.1)

where v is the membrane velocity, σ is membrane tension, ζ(≈ 107 Pa · s/m) is the friction

coefficient, and µ is the membrane viscosity. Since the length of the SLB is above 30 nm,

the viscous force can be negligible [116] and the above equation becomes

ζv = ∇σ (6.2)

Since the membrane flow is an incompressible flow, v satisfies ∇ · v = 0. It follows that

the membrane pressure σ satisfies Poisson’s equation:

∇2σ = 0. (6.3)
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Fig. 6.2. Mechanical manipulation mechanism of EB-induced virtual cathode for lipid
bilayers. (a,b) Schematic view of the mechanical manipulation mechanism of
EB-induced virtual cathode. Red arrows indicate the direction of the electric
field. (c-f) Spatial distribution of the electic field (c,d) and Maxwell stress (e,f)
caused by electric currents flowing from a virtual cathode to the solution. (a,c,e)
Virtual cathode exists outside the virtual cathode. (b,d,f) Virtual cathode exists
inside the virtual cathode.

The boundary condition of the pressure at the interface between the two fluids is calculated

from the balance of two-dimensional Laplace’s pressure as follows:

σ = λκ (6.4)

where λ is the line tension at the interface and κ is the curvature at the interface. The

normal velocity of the interface between the two fluids V is calculated from the pressure

p:

V =
1

ζ
∇p · n, (6.5)

where n is the unit normal vector of the interface.

When the electric field E exists at the interface of the fluids, Maxwell stress PM

is applied to the interface

PM =
1

2
|ϵ1 − ϵ2||E|2,
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where ϵ1 and ϵ2 are dielectric constants of the fluid 1 and 2, respectively. Therefore,

deformation of the boundary can be achieved by applying an external electric field if the

two fluids have different dielectric constants. In case of lipid membrane flows, the relative

permittivities of the lipid bilayers and water were about 2 and 80, respectively, thereby

resulting in the pressure on the lipid bilayers. Therefore, the above boundary condition

is modified as follows:

σ = λκ+ PMh, (6.6)

where h is the thickness of the SLB. The electric field of the virtual cathode depends on

its location. When the virtual cathode exists outside the SLB (Fig. 6.2 (a)), the current

density at position r from the virtual cathode is j = I/(2πr2) caluculated in Section 3.2,

and thus the corresponding electric field is

E(r, ri) =
ρI

2π|r − ri|2
, (6.7)

where ρ is the electric resistivity, I is the Ohmic current, and ri indicates the position of

the i-th virtual cathode. When the virtual cathode exists inside the virtual cathode, the

current flows through the hydration layer between the SLB and the solid (Fig. 6.2 (b)).

Thus, the current density at position r from the virtual cathode becomes j = I/(2πrd),

where d denotes the height of the hydration layer. The electric field is described as follows.

E(r, ri) =
ρI

2πd|r − ri|
. (6.8)

Figs. 6.2 (c-f) show the spatial profiles of the electric field and the Maxwell pressure. In

Fig. 6.2, it is assumed that the thickness of the lipid bilayer was about 4 nm, the Ohmic

current was 2 nA, and the thickness of the hydration layer was 1 nm. The electric field of

the virtual cathode inside the lipid bilayer is much higher than that of the virtual cathode

outside the lipid bilayer. In both cases, the Maxwell stress is above 10−7 J/m2 within

100 nm from the virtual cathode. According to Bar-Zib et al. [24], a surface tension of

10−6 − 10−7 J/m2 is suitable for shape transformation of the lipid bilayer. Therefore, it

is expected that the electric field due to the Ohmic drop is strong enough to deform lipid

bilayers and that the surface tension energy is localized at the submicrometer level.

6.3 Materials and methods

6.3.1 Chemicals

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC), and Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethy-

lammonium salt (TR-DHPE) were purchased from Avanti Polar Lipid. Cholera Toxin

Subunit B (Recombinant), Alexa Fluor 488 Conjugate (CTB488) was purchased from

ThermoFisher. Monosialoganglioside GM1 from bovine brain was purchased from Sigma-

Aldrich. POLARIC-500c6F was purchased from GORYO Chemical Inc. Cholesterol,
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Fig. 6.3. Formation of SLBs on a hydrophilized SiN membrane by self-spreading tech-
niques.

Fig. 6.4. Time lapse images of self-spreading of DOPC lipid bilayers.

ethanol, chloroform, and NaCl were purchased from Wako. Milli-Q water was used for

all experiments in this chapter.

6.3.2 Sample preparation

The preparation of the lipid bilayers was carried out as shown in Fig. 6.3. The surface

of the SiN membrane was hydrophilized by a 30 s treatment with a corona discharger

(CFG-500; Shinko Electric & Instrumentation Co., Ltd.). Dried film of lipid mixtures

were placed on the hydrophilized SiN membrane, and 1 mL of pure water or NaCl water

solution was dropped on the membrane slowly. To spread the lipid bilayers, samples were

placed at room temperature ( 24◦C) in case of DOPC and Texas Red DHPE mixtures or

DOPC and POLARIC mixtures, and samples were heated up to 70◦C for 30 min using
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Fig. 6.5. Approximation of the SLB by a closed polygon curve

a hot plate in case of DOPC, DPPC, cholesterol, and Texas Red DHPE mixtures and

DOPC, DPPC, cholesterol and ganglioside GM1 mixtures. Self-spreading of SLBs was

observed as shown in Fig. 6.4. TR-DHPE was observed with Texas Red Filter (Ex:

532-587, DM: 595, BF: 608-683; Nikon).

6.3.3 Image processing

ImageJ (NIH) was used for image processing. To obtain the edges of the lipid bilayers in

Fig. 6.13, the image was first filtered by a 5 × 5 mean filter and then binarized using

Otsu’s method. Finally, the edge of the lipid bilayer was tracked using the Wand tool in

Image J.

6.3.4 Numerical simulation of the surface deformation of the SLB

To verify whether the Maxwell stress is strong enough to deform the SLBs, we conducted

simulations of the deformation of the SLBs. The equations (6.2), (6.3) and (6.6) are

equivalent to Hele-Shaw flow [117], which is a penetration flow into a porous media.

Hele-Shaw problems can be solved by tracking the interface. In this thesis, the Hele-

Shaw problems were solved using the charge element method proposed by Sakakibara et

al., [118].

In this simulation, the interface was approximated by a closed polygon line as

shown in Fig. 6.5. The number of the vertices is N , and the position of the i-th vertex

(i = 0, 1, · · · , N − 1) is (xi = (xi, yi)
T ). The edge between two vertices xi and xi+1 is
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represented by

Γi = {(1− λ)xi + λxi+1|λ ∈ [0, 1]} (i = 0, 1, · · · , N − 1). (6.9)

The curvature of the i-th edge Γi ki is approximated by ki =
tan(ϕi/2)+tan(ϕi−1/2)

ri
,

where ϕi is the angle between the edge Γi and Γi+1, and ri = |xi+1 − ri|. The boundary

condition 6.6 is approximated by

σ = ki + λh

Nc∑
l=1

E(Ri, rc
(l)) (6.10)

,where Ri = (xi+1 + xi)/2 and rc
(l) is the position of l-th virtual cathode

(l = 1, 2, · · · , Nc). Poisson’s equation ∇2σ = 0 under the boundary condition

(6.10) is solved by the modified charge element method; the differential equation (6.2) is

solved by the Runge-Kutta method (Details are described in [118]). The electric field is

defined by (6.8) when the virtual cathode exists inside the polygon, and defined by (6.7)

when the virtual cathode exists outside the polygon.

In our simulation, the SLB was approximated by 50 µm-radius-circle and its

thickness was set at 8 nm (double bilayer). We examined three patterns of virtual cath-

odes: (i) A single virtual cathode was located inside the SLB. (ii) A single virtual cathode

was located 100 nm outside the SLB. (iii) Two virtual cathodes were located inside the

SLB. The position was defined as

rc
(1) = R(cos θ, sin θ)T , rc

(2) = R(cos(−θ), sin(−θ))T , (6.11)

where R = 46µm and θ ∈ [3◦, 20◦]. The number of the vertices N is 200. The stepsize of

the Runge-Kutta method ∆t is 1.25× 10−5 s for (i) and (ii) and 1.25× 10−6 s for (iii).

6.4 Results and discussion

6.4.1 Dynamic patterning of SLBs

Fig. 6.6 shows the spatiotemporal changes of the DOPC lipid bilayers with 1mol% TR-

DHPE in 10 mM NaCl water solution. Acceleration voltage of an EB was 2.5 kV, and

the EB was scanned in a rectangular shape. When an EB was irradiated, a decrease in

fluorescence intensity was observed. Especially, the intensity decreased more as the dose

amount increased, as shown in Fig. 6.7 (a). Behaviors of the fluorescence intensity after

the irradiation depended on dose amount of electrons. When the dose amount was 2000

pC, the fluorescence intensity recovered from the outside of the irradiated area (Fig. 6.6

(a)). The edge of the recovered area was clearly observed, and the fluorescence intensity at

the edge of the recovered area became higher than that at the unirradiated area (t = 8 s),

and finally the fluorescence intensity recovered to the same value before the irradiation (t=

12 s). Recovery speed depended on the dose amount, and the speed became higher as the
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dose amount increased (Fig. 6.7 (b)). On the contrary, such recovery of the fluorescence

intensity after the EB irradiation was not observed when the dose amount was 500 pC (Fig.

6.6 (b)). When the dose amount was 60 pC, the recovery of the fluorescence intensity after

the irradiation was observed. But the sharp edge of the recovered area was not observed

contrary to the result in which the dose amount was 2000 pC (Fig. 6.6 (c)).

To investigate the fluidity of the photobleached area, a grid pattern of the virtual

cathode was generated onto the DOPC lipid bilayers with 1mol% TR-DHPE in 100 mM

NaCl water solution, as shown in Fig. 6.8. When the total amount of the dose amount

was 1000 pC for the grid pattern of the virtual cathode, the fluorescence intensity inside

the grid pattern decreased, as compared to the intensity outside the grid pattern. Then,

the EB spot was irradiated on the grid pattern as shown in Fig. 6.9, and the recovery of

the fluorescence intensity was observed inside the grid (B) as well as the EB-irradiated

area. On the other hand, the fluorescence intensities outside the grid pattern (A) and

inside the grid (C) decreased due to the fluorescence observation.

Finally, we demonstrated dynamic patterning of DOPC bilayers with 1mol%

TR-DHPE in 100 mM NaCl water solution, as shown in Fig. 6.10. Before the patterning,

a completely photobleached area was generated and it was confirmed that the recovery of

the fluorescence intensity did not recover after the EB irradiation (t = 0). Then, a spiral

virtual cathode was generated within the photobleached area such that one end of the

spiral was in contact with the outside of the photobleached area. After the generation of

the spiral virtual cathode, recovery of the fluorescence intensity started from the outside,

and the fluorescence intensity recovered along the spiral as shown in Fig. 6.10.

In these experiments, fluorescent molecules (Texas Red) were attached to lipid

molecules and thus the recovery of the fluorescence indicated the existence of lipid

molecules with unphotobleached fluorescence molecules. In other words, the recovery

of the fluorescence intensity indicated lateral migration of lipid molecules with unpho-

tobleached fluorescence molecules, and this was possible when the SLBs had fluidity.

Considering that the decrease of the fluorescence intensity depended on the dose amount

and that the recovery of the fluorescence intensity was not observed when the dose

amount was between 60 pC and 180 pC (Fig. 6.6(a)), it is considered that the SLBs

did not lose their fluidity after the EB irradiation, and that the EB affected only the

photobleaching of the fluorescent molecules.

Meanwhile, the recovery of the fluorescence intensity was not observed when the

dose amount was 500 pC (Figs. 6.6 (b)), and more injection of electrons resulted in the

recovery of the fluorescence intensity (Fig. 6.6 (c)). According to the results of grid

pattern (Figs. 6.8 and 6.9) and spiral pattern (Fig. 6.10), it can be understood that the

photobleached area which did not recover after the EB irradiation did not have fluidity, and

re-spreading of the SLBs could be achieved by irradiating an EB to the photobleached area

for the following reasons. The speed of the photobleaching inside the grid was faster than

that outside the grid (Fig. 6.8) because the photobleached molecules outside the grid could

freely diffuse and the exchange of the photobleached molecules with the unphotobleached
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molecules occurred outside the microscopic field. However, the photobleached molecules

inside the grid could not diffuse across the grid. The recovery of the fluorescence intensity

inside the grid after the EB spot irradiation (Fig. 6.9) would be because the fluidity of the

SLBs recovered only on the spot irradiated area, and the photobleached molecules inside

the grid and unphotobleached molecules outside the molecules could diffuse freely across

the EB spot irradiated area. Re-spreading of the SLBs could also be supported by the

result that the spiral virtual cathode induced the recovery of the fluorescence intensity,

and it started from the edge which was in contact with the unphotobleached area.

The recovery speed of the fluorescence intensity increased as the dose amount

was 1000 pC to 2000pC, but the recovery speed was almost saturated when the dose

amount was above 2000 pC. The spreading speed of the SLB depended on the friction

constant between the SLB and the solid support and the pressure gradient caused by the

lipid source. [101,116] Basically, the existence of the virtual cathode would not affect the

amount of the lipid source. Therefore, our results indicate that the irradiation of EB could

affect the friction constant. Especially, the friction constant would become large enough

to stop the spreading of the SLB when the dose amount was between 200 pC and 1000

pC. This might be because the photobleached and broken molecules existed in the EB

irradiated area, or the hydrophilicity of the EB-irradiated area was not high enough to

spread the SLB. The saturation of the recovery speed would be due to the physical lower

limit on the friction constant.

Therefore, our virtual cathode technique could achieve dynamic control of the

fluidity of the SLBs by changing dose amount of electrons. These results were observed

due to the surface reactions induced by the electrical and chemical effects of electrons, and

the former effects were significant considering the detachment of MPC polymers (Chapter

5). Re-spreading phenomena were not observed in the case of MPC polymers, possibly

because MPC polymers were physically entangled and they did not have fluidity.

The edges of the EB-irradiated area were still photobleached after the EB irradi-

ation. This might be because some broken lipid molecules were attached to the substrate

by chemical reactions. However, re-spreading of the SLB was observed even when such

dark edges existed, and thus the existence of the dark edges would be problematic to

dynamically control the spreading of SLBs.
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Fig. 6.6. Fluorescence images of DOPC lipid bilayers before and after EB irradiations.
Yellow boxes represent ROIs for average intensity profiles.
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Fig. 6.7. Temporal changes of relative fluorescence intensity of DOPC lipid bilayers after
the EB irradiations. Fluorescence intensity was averaged within 3.9 µm from
the center of the rectangle virtual cathode.
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Fig. 6.8. Temporal changes of fluorescence intensity of the grid-patterned supported lipid
bilayer.

Fig. 6.9. Fluorescence recovery after the EB spot irradiation on the grid pattern.
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Fig. 6.10. Dynamic patterning of supported lipid bilayers by the spiral virtual cathode.
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6.4.2 Membrane domain formation by dynamic spreading of SLBs

Fig. 6.11 (a) shows the spatiotemporal changes of fluorescence intensity of DOPC /

DPPC / cholesterol (2:2:1) with 1mol% TR-DHPE in a 100 mM NaCl solution at room

temperature. The acceleration voltage and the dose amount of the EB was 2.5 kV and

5000 pC, respectively. After the EB irradiation, re-spreading of the SLBs was observed

as is the case in DOPC (t = 5, 10, 15 s). However, the dark and spot region grew after

the re-spreading of the SLBs, as opposed to DOPC (t = 40, 90 s). A similar dark region

was observed in the case of DOPC / DPPC / cholesterol (2:2:1) with 1mol% TR-DHPE

and 1mol% ganglioside GM1 in 100 mM NaCl solution (Fig. 6.11 (b, c)).

To investigate the dark region, CTB488 in PBS was added after the EB ex-

periments. The final concentration of CTB488 was about 1 µg/mL, and the samples

were placed at room temperature for 30 min. Then, the samples were washed out five

times with 100 mM NaCl solutions. CTB488 was observed with an inverted fluorescence

microscope(Ti-S, Nikon) mounted with a 20x lens (CFI S Plan Fluor ELWD; Nikon), a

GFP filter (Ex: 450-490, DM: 495, BW: 500-550; Nikon), a CCD camera(1501C-USB-

TE, Thorlabs), and an LED white-light source(pE-300; CoolLED). When the ganglioside

GM1 was not added, the fluorescence intensity was remained unchanged (Fig. 6.11 (b)),

whereas the fluorescence intensity became higher in the dark area as compared to unirra-

diated area (Fig. 6.11 (c)). Considering that CTB488 specifically binds to the ganglioside

GM1, the ganglioside GM1 had a richer presence in the dark area.

According to previous studies, ternary lipid mixtures of DOPC, DPPC, and

cholesterol were phase separated when the molar ratio was 2:2:1, and liquid-ordered(Lo)

and liquid-disordered phases(Ld) emerged. [119] Moreover, it is known that TR-DHPE

and CTB488 are rich in Ld and Lo phase respectively. [120, 121] Therefore, our virtual

cathode techniques successfully achieved the directed self-assembly of Ld phase by the

re-spreading of SLBs. Though the directed assembly of lipid rafts by static patterns has

already been achieved in [122], we have achieved a dynamic self-assembly of lipid rafts for

the first time. Our technique would be applied to a dynamic mearument and control of

the self-assembly process of lipid rafts.
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Fig. 6.11. Fluorescence images of DOPC/DPPC/Cholesterol lipid bilayers during and af-
ter the EB irradiations. (a) Time lapse images of the fluorescence intensity
observed with Texas Red filter. (b, c) Fluorescence images and average inten-
sity profiles after the addition of CTB488 solutions. (b) GM1 was not added
to the SLB. (c) 1mol% GM1 was added to the SLB. Light spots in fluorescence
images are small vesicles which would be attached after the experiments.
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6.4.3 Deformation of lobe structures of SLBs

Fig. 6.12 shows the deformation of multilayered lipid bilayers consisting of DOPC dyed

with POLARIC-500c6F in a 10 mM NaCl water solution. An EB spot was irradiated

for 1 s, and its acceleration voltage and beam current were set at 2.5 kV and 1.6 nA,

respectively. When a virtual cathode was generated inside the edge of the lipid bilayers,

large deformation of the lipid bilayers was observed and recovered when the irradiation

stopped [Fig. 6.12 (a, b)]. In contrast, deformation of the lipid bilayers was minor when

a virtual cathode was generated outside the edge of the lipid bilayers [Fig. 6.12 (c, d)].

Temporal changes in the distance between the edge of the lipid bilayers and the virtual

cathode are shown in Fig. 6.13. The lipid bilayer was deformed at the micrometer scale

when the virtual cathode was generated 4―6 µm inside the edge of the lipid bilayers [Fig.

6.13 (a―c)], whereas the lipid bilayers were repelled from the virtual cathode by around

several hundred nanometers when the virtual cathode was generated 0.4―0.5 µm outside

the edge of the lipid bilayers [Fig. 6.13 (d―f)]. These results indicated that the electric

field of the EB-induced virtual cathode was strong enough to exert mechanical stress

on the lipid bilayers, and that the mechanical stress was large only around the virtual

cathode.
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Fig. 6.12. Time-lapse images of the DOPC lipid bilayers dyed with POLARIC around
the EB-induced virtual cathode. The virtual cathode was generated inside the
lipid bilayers (a, b) or outside the lipid bilayers (c, d) for 1 s. Yellow circles
indicate the positions of the virtual cathode. Scale bars indicate 10 µm.
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Fig. 6.13. Time-lapse images of the DOPC lipid bilayers around the EB-induced virtual
cathode (a,b,d,e) and temporal changes in the minimal distance between the
virtual cathode and the edge of the lipid bilayers (c, f). (a―c) The virtual
cathode was generated 4―6 µm inside the edge of the lipid bilayers. (d―f)
The virtual cathode was generated 0.4―0.5 µm outside the edge of the lipid
bilayers. Scale bars indicate 5 µm.
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6.4.4 Numerical simulations of the deformation of the SLB

Fig. 6.14 shows the simulations results of the deformation of lipid bilayers when the virtual

cathode exists inside the SLB. As shown in Fig. 6.14(b), the electric field was deformed

to avoid the 　 virtual cathode. It can be seen in Fig. 6.14(c) that the deformation

quantity depended on the location of the virtual cathode, and the relaxation time became

long for large deformation. Fig. 6.15 shows the equilibrium state of the deformation and

its curvature. The curvature became negative around the virtual cathode to avoid it,

whereas the increase of the curvature was observed around the edges whose curvatures

were negative. Contrary to the above results, the deformation was rarely observed when

the virtual cathode existed 100 nm outside the SLB as shown in Fig. 6.16. These results

indicate that the Maxwell stress could be applied to the SLB only when the virtual cathode

was placed inside the edge of the SLB, and that the stress was localized.

When virtual cathodes are located as shown in Fig. 6.17(a), the increase of the

curvature was observed between the two cathodes (Fig. 6.17(b,c)). This increase of the

curvature became larger as the two cathodes came closer (i.e. θ decreased) (Fig. 6.17(c)).

Fig. 6.17(d) shows the relationship between the curvature of the edge Γ0 and θ (Γ0 was

defined as shown in Fig. 6.17(c)). When 3◦ ≤ θ ≤ 10◦, the curvature became larger as

θ decreased, whereas the curvature did not increase when θ ≥ 10◦. According to these

results, the control of curvature could be achieved by generating several virtual cathodes

near the edge.

These numerical simulations support the premise that the Maxwell stress induced

by the virtual cathode could be one of the driving forces of the deformation of the SLB,

but other effects such as Marangoni effects or electrostatic effects should be considered

for the deformation. The temperature rise could have occurred when the virtual cathode

was generated, as discussed in Chapter 2, and the temperature rise could have changed

the elastic properties of the SLB, such as line tension. However, the flow speed induced

by the Marangoni effects was estimated at 10 nm/s according to our evaluation of the

temperature rise for the EB irradiation (Details are shown in Appendix D). Electrostatic

effects should also be considered since the zeta potential of the DOPC in 1 mM NaCl

water solution is about -21.8 mV and the corresponding surface charge density σ0 is

about 1.6× 10−3 C/m2. [102] Electrostatic pressure can be calculated by σ0E(r), but this

pressure is small compared to the Maxwell pressure, as shown in Fig. 6.18. Therefore, the

Marangoni effects or electrostatic effects would be small compared to the Maxwell stress.

According to our experimental results and numerical simulations, the proposed

model based on Maxwell stress could not explain the formation of the positive curvature

around the virtual cathode as shown in Figs. 6.12 (b) and (c). To form such positive

curvature around the virtual cathode, it is necessary to consider the attraction force

toward the cathode. One possible candidate for such an attraction force is the viscous

force of electroosmotic flow. As discussed in Chapter 4, the SiN is negatively charged



82 Chapter 6 Electromechanical Control of Lipid Membrane Morphology and Domains

and thus the flow toward the virtual cathode could be generated. In our experiments, the

Debye length of the electric double layer was about 3 nm (in 10 mM NaCl solution), and

the hydration layer between the SLB and the SiN was about 1 nm. Thus, the SLB would

be affected by the electroosmotic flow, but the detailed mechanism should be studied in

future works.

The mechanism of the proposed method is similar to optical tweezers [24] at the

　 point of the Maxwell stress, but the spatial resolution of the proposed method would be

finer than that of the optical tweezers because the large deformation occurred only when

the virtual cathode existed inside the lipid membrane. Therefore, it is expected that the

proposed method would achieve a nanometer-scale mechanical stress on biomolecules to

measure the mechanical and structural properties of the biomolecules, which cannot be

achieved by optical manipulations.

6.5 Conclusion of this chapter

In Chapter 6, we have applied the proposed techniques to the electromechanical control

of lipid membrane domains and morphology. By controlling the surface reactions of EB-

induced virtual cathode, SLBs were dynamically patterned, and fluidity and re-spreading

of the SLBs could be controlled by the dose amount of the EB. Moreover, re-spreading of

SLBs induced a directed self-assembly of a liquid-ordered phase which contained rich gan-

glioside GM1 in a DOPC/DPPC/cholesterol mixture. Finally, a dynamic and reversible

deformation of the stacked lipid bilayers was achieved by several forces such as Maxwell’s

stress around the EB-induced virtual cathode.
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Fig. 6.14. Simulation results of the deformation of the SLB when the virtual cathode was
located inside the SLB. (a) Initial condition of the SLB and the location of the
virtual cathode. (b) Temporal change of the interface of the SLB when the
virtual cathode was located 5 µm inside the SLB. (c) Temporal change of the
distance between the edge of the SLB and the virtual cathode.
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Fig. 6.15. Equilibrium state of the deformation and its curvature of the SLB when the
virtual cathode was located inside the SLB (t = 6.25 s). (a) Equilibrium state
of the deformation. The virtual cathode was located 1 µ m, 3 µ m, or 5 µ m
inside the interface of the SLB. (b) Equilibrium state of the curvature of the
SLB and the definition of the indices of the vertices.

Fig. 6.16. Simulation results of the deformation of the SLB when the virtual cathode was
located outside the SLB. (a) Initial condition of the SLB and the location of
the virtual cathode. (b) Temporal change of the distance between the edge of
the SLB and the virtual cathode. The definition of the distance between the
edge of the SLB is same as Fig. 6.14.
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Fig. 6.17. Simulation results of the deformation of the SLB when two virtual cathodes
were located inside the edge of the SLB. (a) Initial condition of the SLB and
the location of the virtual cathode. (b) Deformation of the SLB at t = 0.25s.
(c) Curvature of the SLB at t = 0.25s. (d) Relationship between the curvature
of the edge Γ0 and θ. Γ0 is defined in (c).
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Fig. 6.18. Spatial distribution of electrostatic pressure and Maxwell pressure in 1 mM
NaCl solution.
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Chapter 7

Conclusion

7.1 Conclusion of this thesis

In this thesis, we have proposed new analysis and fabrication techniques for soft matter

that can achieve operando analysis and the directed self-assembly of soft matter based on

the spatiotemporal control of the electric field. An EB was used to generate the virtual

cathode in aqueous solutions at the spatial scale of the self-assembled structures of soft

matter.

In Chapter 2, current techniques of virtual electrode were overviewed and the

basic concept of the virtual electrode induced by charged particle beams was introduced.

For the physical implementation of the virtual electrode, a virtual cathode display system

using an inverted EB lithography system was proposed and the physical effects of the EB-

induced virtual cathode, such as electrical, chemical, and thermal effects, were discussed.

By measuring the temperature rise of rhodamine B water solution, it was confirmed that

the thermal effect around the EB-induced virtual cathode was small.

In Chapter 3, the electrostatic effects of the virtual cathode were discussed.

The physical setup of the virtual cathode in an electrolyte solution was formulated, and

the fundamental solutions of the electric field, spatial distributions of electrolytes, and

diffusion of hydroxide ions generated by cathodic reactions were calculated. By using

these fundamental solutions, the design method of the virtual cathode was proposed to

achieve the target electric field or ionic concentrations by solving optimization problems.

Finally, it was demonstrated that an increase and ionic shielding were induced around the

EB-induced virtual cathode, as predicted by the calculation of the fundamental solutions.

In Chapter 4, the electrokinetic effects of the virtual cathode, such as EOF and

electrophoresis, were investigated. The integrated model of hydrodynamics and electric

field around the virtual cathode were proposed, and FEM simulations showed that EOFs

could be induced around the EB-induced virtual cathode when the surface was electrically

charged. Then, it was confirmed that EOFs were generated around the EB-induced virtual

cathode by tracking the movement of nanoparticles. Finally, these electrokinetic effects

were applied to the manipulation of a single nanoparticle, concentration patterning of

nanoparticles, and elongation of DNA molecules.

Chapter 5 focused on surface reactions induced by the chemical and electrical
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effects of an EB. It was demonstrated that MPC polymers were detached from an SiN

membrane and glucose, sucrose, and PEI polymer molecules were deposited on the mem-

brane in water through surface reactions of the EB-induced virtual cathode. Monte Carlo

simulations of scattered electrons and the experimental results suggested that the detach-

ment phenomenon of MPC polymers is due to the electrical effects of the EB and that the

deposition phenomenon of the PEI polymers is due to chemical reactions induced by the

kinetic energy of the EB. Therefore, it was confirmed that chemical and electrical effects

were controlled by changing the acceleration voltage.

In Chapter 6, the proposed techniques were applied to the electromechanical

control of lipid membrane domains and morphology. By controlling the surface reactions

of the EB-induced virtual cathode, SLBs were dynamically patterned and the fluidity and

re-spreading of the SLBs could be controlled by the dose amount of the EB. Moreover, the

re-spreading of SLBs induced the directed self-assembly of the liquid-ordered phase, which

contained rich ganglioside GM1 in DOPC/DPPC/cholesterol mixture. Finally, the dy-

namic and reversible deformation of stacked lipid bilayers was achieved by Maxwell’s stress

around the EB-induced virtual cathode, which would be applicable to the spatiotemporal

measurements of the mechanical properties of SLBs.

7.2 Future directions based on this study

This thesis demonstrated the operando analysis and directed self-assembly of DNA

molecules and lipid bilayers in aqueous solutions by using electrostatic and electrokinetic

phenomena as well as the surface reactions of an EB-induced virtual cathode. Therefore,

the proposed method could be applied to the operando analysis of other soft matter, such

as stimuli-responsive polymers. Since the proposed techniques enabled the simultaneous

stimulation and observation of soft matter and the stimulation was at the submicrometer

scale, the spatial dependencies of the stimuli response of the soft matter could be

measurable by the proposed techniques. Such measurements could contribute to the

material design of soft matter such as stimuli-responsive materials.

Moreover, the EB-induced virtual cathode can generate various electric field

shapes, which can be easily changed by scanning an EB. Therefore, the proposed method

could also be applied to the rapid prototyping of electrical devices such as multi electrode

arrays.
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Appendix A

Monte Carlo simulations of scattered

electrons

To get the distribution of the scattered electrons as shown in Figs. 4.2 (a) and (b), the

scattering processes of 107 electrons (2.5 keV) were simulated by CASINO ver. 2.4. In

these simulations, there were three layers, the vacuum space, 100-nm-thick SiN layer and

H2O layer. The thickness, density and chemical compositions of each layer were as shown

in Table S1. The beam radius was set to 25 nm. Each electron was simulated until the

electron energy was below 50 eV or the electron escaped from the surface of the SiN layer

into the vacuum layer.

Additionally, the scattering processes of 105 electrons (2.5 keV) were simulated

by CASINO ver. 2.4. to get and approximate the distribution of the scattered electrons for

the FEM simulations. The histograms of coordinates of stop-points of scattered electrons

(except back scattered electrons) are shown in Fig. A. To represent these distributions

as mathematical functions for FEM simulations, Kernel density estimation was used. We

used Kernel Density Estimation Toolbox for MATLAB (distributed by Alexander Ihler,

http://www.ics.uci.edu/ ihler/code/kde.html), and the histograms were approximated by

Gaussian kernels as follows:

pe(x, y, z) =
1

Nh

N∑
i=1

K

(
x− xi
h

)
K

(
y − yi
h

)
K

(
z − zi
h

)

where K(x) = 1√
2π

exp
(
−x2

2

)
, N denotes the number of simulated electrons, (xi, yi, zi)

denotes the coordinates of the stop-point of the i-th electron, and h = 10−8. The estima-

tion results are also shown in Fig. A.
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Fig. A.1. Simulation results of spatial distributions of scattered electrons. Bar charts rep-
resent the histograms of scattered electrons, and solid lines represent estimated
distribution function of electrons using a kernel density estimation method.
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Appendix B

FEM simulations of electric field caused

by EB irradiation

The electric field caused by EB irradiation was simulated by COMSOL Multiphysics 4.4.

Geometrical definitions were as shown in Fig. B.1. The size and thickness of the SiN layer

were almost the same as those of the actual SiN membrane.

There were two origins of the electrostatic potential, ionic charges in the water

layer (ϕ1), which generated an electric double layer, and negative charges of electrons in

SiN layer (ϕ2), which could generate electroosmotic flow in the water layer. As deionized

water was used in the experiments, there were only two species of ions, H+ and OH−, in

the water layer. The concentrations of these two ions were denoted as cH+ and cOH− .

The electrostatic potential caused by ionic charges in the water layer (ϕ1) satisfied

the following Poisson equation,

∇2ϕ1 = −F (cH
+ − cOH−)

ϵ0ϵw
,

where F is the Faraday constant, and ϵ0 and ϵw are permittivities of the vacuum and

water, respectively. Additionally, the concentration of ions (cH+ , cOH−) satisfied the

following conservation law.

∂cH+

∂t
+∇ · JH+ = 0

∂cOH−

∂t
+∇ · JOH− = 0

The ionic currents of ions (JH+ , JOH−) were defined as follows.

JH+ = −FcH+µH+∇ϕ1 −DH+∇cH+

JOH− = −FcOH−µOH−∇ϕ1 −DOH−∇cOH−

Here,µH+ and µOH− are the mobilities of H+ and OH−, and DH+ and DOH− are the

diffusion coefficients of H+ and OH−. The mobility was calculated from the following

Nernst-Einstein relation.

µH+ =
DH+

kBT
, µOH− =

DOH−

kBT
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The boundary conditions for ϕ1 were as follows. First the voltages on the E1

and E4 boundaries were set to zero (earth), and ψ (zeta potential) respectively. Second,

there were no ionic exchanges at E4; that is, the following equations were satisfied at E4.

n · cH+ = 0, n · cOH− = 0

Here, n denotes the normal vector. Finally,the densities of cH+ and cOH− are fixed at

10−7 mol/L at E1,E2 and E3.

The electrostatic potential caused by negative charges in the SiN layer (ϕ2)

satisfied the following Poisson equation,

∇2ϕ2 = −ρe(r)
ϵ(r)

,

where ϵ(r) and ρe(r) were defined as follows.

ϵ(r) =


ϵ0 (R3)

ϵ0ϵS (R2)

ϵ0ϵW (R3)

, ρe(r) =


ρpe(x, y, z) (R2)

F (cH+ − cOH−) (R1)

0 (R3)

In the above equation, pe(x, y, z) is the probability distribution of scattered electrons

estimated in Appendix A. The spatial charge density ρe(r) in region R2 is described in

Fig. B.1(c). The voltages of E1,E2,E3,E5,E6,E8,E9 and E10 were each set to zero.

By coupling the above equations, the steady state solution of the electric field af-

ter the start of EB irradiation was simulated. The physical parameters for the simulations

were as shown in Table S2. The temperature was fixed at 293 K.
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Fig. B.1. Geometrical definitions for EB-induced electric field. (a) General view of the
geometrical definitions. R1 to R3 represent the regions of each layer. (b) Side
view of the geometrical definitions. E1 to E7 represent the boundaries. (c)
Spatial charge density ρe(r) in R2.
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Appendix C

FEM simulations of thermal conduction

and convection caused by EB

irradiation

To estimate temperature rise caused by EB irradiation, the thermal conduction and con-

vection were simulated by COMSOL Multiphysics 4.4. Geometrical definitions were as

shown in Fig. C.1.

The thermal conductivity equation in the SiN membrane was represented as

follows.

ρSCs
∂T

∂t
= ∇ · (kS∇T ) +Q

Similarly, the thermal conductivity equation in the water layer was as follows.

ρWCW
∂T

∂t
+ ρWCW (u · ∇T ) = ∇ · (kW∇T )

The fluid velocity u satisfies the following Navier-Stokes equation with the external gravity

force,

ρ0
∂u

∂t
+ ρW (u · ∇)u = −∇p+ µ∇2u− (ρ0 − αρ0(T − T0))g,

where ρ0 means the density of water at the reference temperature value T0 = 293 K and

α represents the thermal expansion coefficient of water.

The initial temperature was 293 K. We assumed that EB irradiation supplied

10 µW in R2, and the spatial distribution of the heat supply was determined by the

distribution of scattered electrons estimated in Appendix A. The spatial distribution of

heat supply was described in Fig. C.1 (c). Boundary conditions were as follows. The

temperatures at E1 to E3 were each fixed to the initial value (293 K). The fluid velocity

at E1 to E3 were fixed at zero, and the thermal exchange at E1 to E3 was zero; that is,

the following equation was satisfied:

−n · (−kW∇T ) = 0,

where n denoted the normal vector.
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By coupling the above equations, the electric field 1 s after the start of EB

irradiation was simulated. The physical parameters for the simulations were as shown in

Table S3. The time step (∆t) was 0.01 s.

The simulation results were as shown in Figs. C.2 and C.3. The 1 s EB spot irra-

diation could generate only several degrees Kelvin, and the velocity of thermal convection

was much slower than that of observed flow. In addition, the effects of the temperature

rises on the material properties were also small according to the simulation results. When

the temperature rises from 293 to 296 K, the Reynolds number increases about 7%, the

Debye length increases about 0.5% [62], and the zeta potential of silicon nitride increases

about 6% [123, 124]. As compared to these increases, the coefficient of variation of the

observed electroosmotic flow was much larger within 20 µm from the EB spot (about 50

%) as shown in Fig. 4.4 (b). These simulated results showed that the thermal effect on

EB-induced flow was small.



106 Appendix C FEM simulations of thermal conduction and convection caused by EB irradiation

Fig. C.1. Geometrical definitions for thermal conduction and convection. (a) General
view of the geometrical definitions. R1 to R3 represent the regions of each
layer. (b) Side view of the geometrical definitions. E1 to E7 represent the
boundaries. (c) Spatial distribution of the heat supply by EB irradiation in R2.



107

Fig. C.2. Simulation results of temperature rise 1 s after the start of EB irradiation. The
temperature peaked around the heat source, but the temperature rise was only
3 K.

Fig. C.3. Simulation results of thermal convection 1 s after the start of EB irradiation.
Black arrows are the vectors of flow velocity at each point, and the color map
indicates the magnitude of the flow velocity. The order of the velocity was about
10−10 m/s between z = 0 µm and z = 1 µm, which was much smaller than the
actual EB-induced fluid flow.
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Appendix D

Evaluation of Marangoni effects on

SLBs caused by EB irradiation

Marangoni effects are known as flow generation caused by a difference in the surface

tension at an interface. Since surface tension usually depends on temperature, Marangoni

effects can be observed when sufficient changes of temperature exist. According to Section

2.3 and Appendix C, temperature rise would occur around the EB-induced virtual cathode.

In this section, the numerical simulations were performed to estimate the thermal effects

on the Marangoni convection in SLBs.

In what follows, the physical setup of Marangoni flow of the SLB is introduced

and an approximate solution of the velocity of the flow is derived referring to [125]. Fig.

D.1 shows the physical setup of a single SLB in water solution. The bottom layer of the

SLB is in contact with a solid substrate, and the upper one is contacted with the water

solution. It is assumed that the SLB behaves as an incompressible flow. Since the viscosity

of water ( 1 × 10−3 Pa · s) is smaller than that of lipid membrane ( 4 × 10−2 Pa · s), the
viscosity of the water is not significant at the interface between the water solution and

the SLB. Moreover, the Reynolds number of the SLB is very small and inertial effects

of the SLB can be neglected. Under these assumptions, the steady flow of the SLB can

be described by the Stokes equation ∇p = η∇2v, where v := (vr, vθ, vz)
T , p, and η are

the velocity, pressure and viscosity coefficient of the SLB, respectively. Considering the

z-axial symmetry of the velocity, the Stokes equation can be written as follows:

∂p

∂r
= η

(
∂2vr
∂r2

+
1

r

∂vr
∂r

+
∂2vr
∂z2

)
∂p

∂z
= η

(
∂2vz
∂r2

+
1

r

∂vz
∂r

+
∂2vz
∂z2

)
.

Since the thickness of the SLB h (4 − 5 nm) is much smaller than the horizontal charac-

teristic length L ( 1µm), the latter equation can be negligible. Under this assumption,

∂Vr/∂r ≪ ∂Vr/∂z holds since ∂Vr/∂r ≈ Vr/L,∂Vr/∂z ≈ Vr/h, and h≪ L. Therefore, we

can assume that vr depends mainly on z, and the above equations are approximated as

the following equation.

∂p

∂r
= η

∂2vr
∂z2

.
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The boundary conditions for vr at the bottom (z = 0) and above(z = h) layers

are written as follows:

vr(z = 0) = 0, ηvr(z = h) =
∂σ

∂r
=
∂σ

∂T

∂T

∂r
,

where σ denotes the surface tension of the SLB. According to [125], vr can be calculated

as follows:

vr =
1

η

∂σ

∂T

∂T

∂r

(
3

4h
z2 − 1

2
z

)
.

Thus, the radial velocity of the Marangoni flow can be calculated from the following

equation.

vr(z = h) =
h

4η

∂σ

∂T

∂T

∂r
.

The thermal coefficient of the surface tension ∂σ/∂T can be estimated as follows.

Stretch modulus KA and surface tension σ of SLB satisfy a relational expression KA = 6σ,

and the streach modulus is 264 mN/m at 15 ◦C and 252 mN/m at 45 ◦C according

to [126]. Therefore, ∂σ/∂T is about −7× 10−5 N/(m ·K). According to Section 2.3, the

temperature difference between r = 0µm and r = 10µm was about 0.1 K (fluorescence

intensity decreased about 0.2% and temperature change with the thermal coefficient of -

2%/K) when the acceleration voltage and beam current were 2.5 kV and 4 nA, respectively.

Therefore, ∂T/∂r is about −1 × 104 K/m. Viscosity inside the DOPC lipid bilayers was

estimated to be about 0.05 Pa · s [127]. When it is assumed that the viscosity of the SLB

η is about 0.05 Pa · s, the velocity vr at z = h = 4× 10−9 m is about (−7× 10−5)× (−1×
104) × 4 × 10−9/(4 × 0.05) = 1.4 × 10−8 m/s ≈ 1 × 10−8 m/s. Therefore, the Marangoni

effects would not be significant.
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Fig. D.1. Schematic view of the Marangoni flow of the SLB.
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