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CHAPTER 1 General introduction

1.1 Nanoparticle

Nanotechnology is one of the well-known scientific field dealing with the
nanoscale-sized materials(!). Nanoparticles (NPs) are diverse class of materials
exhibiting the spherical, tubular or random shaped microscopic particles sized in
nanometers® and display distinctive physical, optical and electrical properties®.
Depending on the size, shape and properties, the various types of NPs were synthesized
such as carbon-based NPs®* %), metal-based NPs(®, semiconductor-based NPs-®, and
polymer-based NPs® 19, etc. In addition, the synthesis of nanoparticle is divided into
top-down and bottom-up approaches!!: 12 and it is very imperative to develop the
synthesis method where nanoparticle have desirable and controlled characteristics. Here,
top-down method involves the formation of nanoparticles by decreasing the size of the
larger particles in a destructive approach whereas the bottom-up method starts with the
simpler particles leading to the larger one. Moreover, the application of nanoparticle can
range from the nanobiotechnology like targeted drug delivery, biomedical and
pharmaceutical application!!3-!9 to the electronic and sensor!® '), owing to the unique
properties of nanoparticles.

In this chapter, firstly in section 1.2, the general characterization techniques of
nanoparticles are briefly reviewed, to show their underlying merits and demerits.

Secondly, in section 1.3, the recent progress, on-going R&D and future prospect of
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nanoparticle characterization is briefly described, to show that this thesis proposes to
develop an analytical method for nanoparticle characterization by incorporating the
unresolved issues. Thirdly, in section 1.4, the nanoparticle characterization in
chip-based microcapillary electrophoresis (WCE) is described, to clarify the potential
applicability of this device to characterize the biological nanoparticles. Later, in section
1.5, the underlying issues of the microcapillary electrophoresis chip are discussed. Then,
in section 1.6, to solve the described issues in the microcapillary electrophoresis chip,
the proposed research targets were introduced, and finally, section 1.7 provides the aim

of this study, flow and structure of this thesis.
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1.2 Nanoparticle measurement technology

The technology for characterization of nanoparticle varies greatly in principle and
their development involve estimating the properties of nanomaterial. Traditionally, the
characterization techniques of nanoparticles are used to estimate their structure,
composition and properties, and are classified, but not limited, to optical, electron,
scanning and photon-based methods!®. Optical based characterization technique uses
light scattering effect to determine the physical parameters, e.g. dynamic light scattering
(DLS)? for particle sizing but multiple scattering, low resolution of size distribution
histogram constitute its demerits. Electron based characterization technique such as
scanning electron microscopy (SEM)®* 29 and transmission electron microscopy
(TEM)@! 22 has high cost and time consuming, poor differentiability between
nanoparticle and substrate, multiple steps for the image treatment represent their lacunae.
Scanning probe e.g. atomic force microscopy (AFM)?® used to characterize the
topology and surface structure of the nanoparticles may be less expensive and time
consuming but substrate roughness requires to be less than nanoparticle size.
Subsequently, localized surface plasmon resonance (LSPR)@ for nanoparticle analysis
represent the photonic characterization technique. High sensitivity and automation
represent their potential merits but lack differentiation of interactions with the sensor
surface.

Moreover, a new characterization technique namely, nanoparticle tracking analysis

(NTA) utilizing the properties of light scattering and Brownian motion to visualize and
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analyze the NPs in liquid suspension based on Einstein-Stokes equation. Here,
Brownian motion by the NPs relates to their size and distribution with diameter ranging
from 10-nm to 1000-nm®> 29, The merits of this method involve the determination of
the particle size and number whereas demerits represent the bad analysis result due to

particle composed of materials with high refractive index, viscosity of the solvent, etc.
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1.3 Nanoparticle characterization: on-going R&D and future prospect

The methodology for evaluation of nanoparticle (extracellular vesicles (EVs)
including the exosomes) involve the principle and development for estimating the
properties ranging from zeta potential to surface antigenicity. Evaluation of nanoparticle
using the techniques, discussed in section 1.2, involve the major flaws where the
demerits outweighs merits. In addition, a diverse range of particles, several tens to one
hundred nanometers, make it extremely difficult to quantify, and hence, necessity to
develop a new characterizing technique of nanomaterial 7).

Over the years, the technological application of lab-on-a-chip systems; developing
the entire bio-chemical laboratory on the micron size polymer-based chips, is on the rise
with ease of fabrication, minimum level of sample perturbation, greater simplicity, and
more time efficient as potential merits®® 29, The chip-based microcapillary
electrophoresis (ULCE) is one of the characterization techniques of nanoparticles.
Evaluation by microcapillary electrophoresis chip; consists of single microchannel
fabricated using polydimethylsiloxane (PDMS) and glass substrate®%3?) with the
application to measure the electrophoretic mobility (EPM) of nanoparticles based on the
electroosmotic flow (EOF) in the microchannel of a pCE chip.

Recently, laser dark-field imaging has been employed to characterize the individual
NPs using the uCE chip®? 34, Here, the visualization and measurement of individual
NPs were achieved in a dark field within the microchannel of the microcapillary chip.

NP detection takes place through the Rayleigh scattering of light of individual NPs in
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the microchannel under the influence of electric field. Using the on-chip electrophoresis
system, the imaging of individual exosomes in a dark field is possible by detecting laser
light scattered from vesicles. In addition, researcher have demonstrated the zeta
potential distribution of extracellular vesicles derived from the human breast cancer
cells on chip-based immuno-electrophoresis®> 39, Here, the change in zeta potential due
to the attachment of positively-charged antibodies on to the exosome’s antigen represent
the analysis of surface proteins.

The future prospect of nanoparticle characterization depend on the development of
an analytical tool providing the range of NP properties within the single instrumentG”),

These properties can be divided into, but not limited to:

(1) Ability to detect the individual nanoparticles with ease.

2) Multiparametric profiling of nanoparticle within the single instrument e.g. size,

concentration, zeta potential, etc.

3) Target surface marker and dynamic state profiling between the nanoparticle and

the biological membrane.
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1.4 Microcapillary electrophoresis chip for nanoparticle
characterization

One of the first applications of microfluidic device technology was a molecular
analysis using chip-based microcapillary electrophoresis (LCE) in the early 1990sG8 39,
Electrophoresis is an electrokinetic phenomena where charged particles undergo
momentum relative to the fluid in presence of electric potential®?. Moreover, the
potential difference between the medium and stationary layers of the fluid attached to
the particle disperse in the medium represents the zeta potential, whereas the
electroosmotic flow is the electrolyte movement in an applied electric field in the fluid
relative to a stationary charged surface®% 4D, In comparison to other characterization
techniques discussed earlier, evaluation by electrophoresis have minimum level of
sample perturbation, greater simplicity, more time efficient, as potential merits. In
addition, the significant advantages of the chip-based uCE technology are a reduction of
the analysis time and sample volumes, the ease of electrokinetic fluid handling
compared with electrophoresis using a silica capillary, and the compatibility of the
integration of complex analytical procedures on a chip>43. Based on the research in
the last few decades, the pCE technology has shown great potential, especially for the
analysis and separation of biological samples, such as nucleotides, proteins, and living
cells®,

Electroosmotic flow in the microchannels of WCE chip is a laminar plug flow

because of its low Reynolds number. This feature enables reliable measurements of
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electrophoretic mobility, compared with traditional electrophoretic apparatus which
involves turbulence flow. In recent years, there have been some remarkable studies on
characterizing of biological nanoparticles using the chip-based microcapillary
electrophoresis, particularly by laser dark-field imaging as discussed in section 1.3.
Here, particle-by-particle measurement and visualization were achieved owing to the
light scattered by nanoparticles under the influence of electric field. This uCE chip
technology has been recognized as an important fundamental tool, especially for the
characterization of extracellular vesicles®). The analysis of extracellular vesicles,
including exosomes, can provide clinical information in diagnostics647).

The electrophoretic chip consists of microchannel fabricated using
polydimethylsiloxane (PDMS) and glass substrate with two reservoirs, to determine the
electrophoretic mobility of nanoparticles like exosomes. The microcapillary
electrophoresis chip is consist of a microfluidic channel (length: 10 mm, width: 200 pm,
height: 200 um) and reservoirs (diameter: 5 mm) open at extreme ends as shown in

Figure 1-1.
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Reservoirs

£\

Microchannel for
electrophoresis measurement

PDMS =—»

Glass =—»

Figure 1-1 Schematic of a microcapillary electrophoresis (LCE) chip. The chip is
consisting of a microfluidic channel (length: 10 mm, width: 200 pm, height: 200 pm)

and reservoirs (diameter: 5 mm) open at top.

10
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1.5 Issues in the microcapillary electrophoresis chip

Due to the microscale dimension of the microcapillary electrophoresis chip, there
exist a number of undesirable issues which hinder the measurement of electrophoretic
mobility of nanoparticles with ease. Thus, discussion about the issues in a
microcapillary electrophoresis chip from the viewpoint of augmenting the analytical
method for characterization of nanoparticles are required in order to develop an analysis
platform for nanoparticles by extending the potential applicability of the chip. In general,
the issues are the hydrodynamic issue arising from the height difference of fluid level
between two reservoirs of microcapillary electrophoresis chip; electrochemical or Joule
heating issue resulting due to the increase in the electrical conductivity and convection
flow; and the adsorption issue of poly(dimethylpolysiloxane) (PDMS) based

microchannel of a uCE chip.

11
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1.5.1 Hydrodynamic issue

In the electrophoretic mobility measurement using a free-zone pCE chip, balancing
the fluid level between the two reservoirs at the end of the microchannel is essential for
avoiding the effect of the hydrostatic pressure flow. The hydrostatic pressure flow is
unstable because of the small size of the microchannel, which is smaller than a single
droplet of water. The height difference of the fluid level between the two reservoirs
(inlet-side and outlet-side of the channel) induces hydrostatic pressure flow in the
microchannel. Balancing the fluid level between the reservoirs can be easily achieved
on a macroscale (e.g., > 10 m) by waiting for the disappearance of the hydrostatic
pressure flow. However, on a microscale (e.g., 10°°~10-* m), the effect of the complexity
of the interface dynamics appears as the instability of the hydrostatic pressure flow in
the microchannel. Thus, when considering the uCE chip in the practical use, this
balancing operation makes it difficult to measure the EPM with ease and accuracy in a

short time due to the following reasons:

(1) The pCE chip requires a long time for balancing the fluid level between the two
reservoirs because of the low fluid conductance of the microchannel.

(i)  The EOF in the microchannel produces an imbalance of the fluid height between
the two reservoirs during measurement.

(iii)  The instability of the meniscus in the reservoirs from the complexity of the

interface dynamics induces perturbation of the hydrostatic pressure flow.

12
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1.5.2 Electrochemical or Joule heating issue

The diameter of cylindrical shaped reservoirs in microcapillary electrophoresis chip
is 3 mm open at the top. In the electrophoretic mobility measurement using a free-zone
UCE chip, a gradual increase in voltage is required to determine the characteristics of
the current and applied voltage (I-V) of fluids and electroosmotic flow velocity of
nanoparticles. However, the presence of high voltage and use of low resistive solution in
the small reservoirs lead to the unwanted issues. The application of high voltage and

low resistivity solution during the measurement of electrophoretic mobility causes:

(1) Joule heating accompanies in the reservoirs with the mobility increase of the

ions and generation of convection flow.

(i1) Change in the pH of fluid.

(iii))  Formation of bubble at the electrodes by electrolysis.

13
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1.5.3 Adsorption issue

The poly(dimethylsiloxane) (PDMS)-based microchannel of a microcapillary chip
is attractive for characterization of nanoparticles’). However, the surface of native
PDMS in the microchannels is negatively charged. Thus, when considering a
PDMS-based microcapillary chip for practical use, this negative surface potential

causes:

(1) Nanoparticle adsorption due to hydrophobic and/or electrostatic interaction.

(i1) Electroosmotic flow arising within the microchannel.

Hence, the surface properties of a PDMS-based microchannel demand further study
to determine the nonspecific adsorption behavior of nanoparticles onto the surface of a

microchannel, owing to the interaction between the particle and microchannel surface.

14
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1.6 Research objectives

The measurement of EPM of nanoparticles using pCE chip can be achieved by
addressing the individual issues separately. The hydrodynamic issue can be solved
using the wider microchannel to improve the conductance of the microchannel whereas,
for the electrochemical issue, limiting the electric current using the narrower
microchannel and use of high-resistivity buffer solution to diminish the Joule heating
effect. In addition, the adsorption issue can be solved by use of polymer coating on to
the microchannel surface. However, it is impossible to solve the above conflicting
issues by adjusting microchannel’s dimension alone. Hence, to solve the number of
undesirable issues in the microcapillary chip, we have proposed a new chip design by
adding long-width bypass channel to balance the fluid level of two open-end reservoirs

as shown in Figure 1-2. For this purpose, the research targets to be focused are:

1. Numerical simulation for laminar two-phase flow with phase field interface of
LCE chip with the bypass channel to compensate the hydrostatic pressure flow

in a microchannel.

2. Experimental evaluation of the compensation of the hydrostatic pressure and

Joule heating in pCE chip with the bypass channel.

3. Adsorption phenomena of charged nanoparticles in presence of polymer as a

coating agent on the microchannel in pCE chip with the bypass channel.

15
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Reservoirs

£\

Microchannel for

electrophoresis measurement Bypass c"hannel

PDMS —>

Glass =—»

Figure 1-2 Schematic of a microcapillary electrophoresis (WCE) chip with the bypass
channel. It consists of a microfluidic channel (length: 10 mm, width: 200 um, height:
200 pm), reservoirs (diameter: 5 mm) and a bypass channel (length: 10 mm, width:

2 mm, height: 2 mm) open at top.

16
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1.7 Aim of the study, flow and structure of the thesis
1.7.1 Aim of the study

The aim of this study is to develop an analysis platform for nanoparticles by
extending the potential applicability of the microcapillary electrophoresis chip. To
demonstrate the technological advancement in pCE chip with new design and the
accuracy in electrophoretic measurement, the study of microcapillary electrophoresis

chip technology includes four purposes as follows:

@8 Design and fabrication of microcapillary electrophoretic chip with long width

bypass channel.

(2) Comparing the experimental and simulated results for electroosmotic flow

(EOF) in newly fabricated chip.

3) Analyze the adsorption behavior of charged nanoparticles in presence of

polymer coated in microchannel.

4 To determine the change in the zeta potential of nanoparticles during the

enzymatic hydrolysis reaction as an application.

17
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1.7.2 Flow of the thesis

Figure 1-3 show the flow of this thesis. It starts with the general introduction of
nanoparticle and their characterization techniques in chapter 1. This thesis is divided
into two main parts, namely, fundamental and application. In fundamental section, the
issues in microcapillary chip was described in chapter 1. To solve the underlying issues,
chapter 2 described the simulation of compensation of hydrostatic pressure in
microcapillary chip with the bypass channel, chapter 3 described the experimental
evaluation of compensation of hydrostatic pressure in microcapillary chip with the
bypass channel and, lastly in chapter 4, the adsorption behavior of liposomes in
presence of coated polymer in microcapillary chip with the bypass channel was
discussed. Furthermore, in application section, chapter 5 show the temperature
dependent adsorption behavior of nanoliposomes on PEG-modified surface. Finally,

chapter 6 as general summary of the study.

18
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General introduction
(Chap. 1)

Application

Issues in microcapillary
chip (Chap. 1)

Simulation of the Experimental Adsorption behavior Temperature

compensation of the evaluation of the of nanoliposome in | dependent adsorption
hydrostatic pressure | compensation of the presence of coated behavior on PEG-
hydrostatic pressure polymer modified surface
(Chap. 2) (Chap. 3) (Chap. 4) (Chap. 5)

General summary
(Chap. 6)

Figure 1-3 Flow of this thesis.

19
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1.7.3 Structure of the thesis

This thesis proposes a new chip design by adding long-width bypass channel to
balance the fluid level of two open-end reservoirs to solve the number of undesirable
issues in the microcapillary electrophoresis chip. To develop an analysis platform for
nanoparticles by extending the potential applicability of the microcapillary
electrophoresis chip, (1) the introduction and underlying issues in a microcapillary
electrophoresis chip for efficient measurement of EPM of nanoparticle, (2) simulation
of compensation of hydrostatic pressure in microcapillary chip with the bypass channel,
(3) evaluation of compensation of hydrostatic pressure in microcapillary chip with the
bypass channel, (4) adsorption behavior of liposomes in presence of coated polymer in
microcapillary chip with the bypass channel, and (5) temperature dependent adsorption
behavior of nanoliposomes on PEG-modified surface were studied as shown in Figure
1-4. The thesis organizes general introduction, simulation of uCE chip with the bypass
channel, evaluation of WCE chip with the bypass channel, adsorption behavior of
liposomes, temperature dependent adsorption behavior on PEG, and general summary

as follows.

20
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Microfluidics-based analytical platform for nanoparticle characterization

Chapter 1 i Nanoparticle measurement technology |
‘ { Issues in the microcapillary electrophoresis chip |
Chapter 2 l _
Stmulation of yuCE { Model materials and parameters |
chip with bypass { Model equations |
chamnel { Model bourdary condition and meshing |
Chapter 3
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Chapter 5
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Chapter 6

Figure 1-4 Structure of this thesis.
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Chapter 1 provides the general introduction about the nanoparticles and the
numerous characterization techniques with on-going R&D and future prospect. A new
characterization method using the microcapillary electrophoresis chip for extracellular
vesicles including the exosomes has been discussed. In addition, the detail overview of
the issues in the microcapillary electrophoresis chip which hinders the accurate
measurement of EPM of nanoparticle; and the proposed research targets to solve the
issues in the chip were discussed. This thesis proposes to develop an analysis platform
for nanoparticle by extending the potential applicability of the microcapillary
electrophoresis chip.

Chapter 2 provides the overview of simulation of pCE chip with the bypass channel
using the phase field method in COMSOL Multiphysics®. In section 2.2.1 and 2.2.2, the
model materials and parameters selected to simulate the two-phase (air-water) interface
using the phase field method are introduced. In section 2.2.3, the model equations
required to couple with the dimension are discussed. Finally, in section 2.2.4, the
selection and application of boundary conditions and meshing are introduced to
simulate the chip-based 2D model for compensation of hydrostatic pressure flow and
the inhibition of perturbation in the microchannel.

Chapter 3 provides the overview of experimental evaluation of the compensation of
the hydrostatic pressure and Joule heating in pCE chip with the bypass channel. In
section 3.2, the general steps to fabricate the chip with and without bypass channel and

the experimental setup of laser dark-field imaging in the microchannel are described. In

22
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section 3.3.1, compensation of the hydrostatic pressure in pCE chip with the bypass
channel, and subsequent, comparison with chip without the bypass channel is
introduced. In section 3.3.2, current-Voltage (I-V) characteristics of the pCE chip with
and without the bypass channel is compared. Moreover, in section 3.3.3, measurement
of electroosmotic flow in the chip with and without the bypass channel is discussed.

Chapter 4 provides the overview of cationic, anionic and neutral nanoliposomes
exhibiting the adsorption behavior in PCE chip with the bypass channel in laser
dark-field. Firstly, in section 4.2, materials and steps to prepare the nanoliposomes,
characterization of PDMS-based microchannel coated with the neutral and cationic
polymer, and dark-field imaging of nanoliposomes in the microchannel are discussed. In
section 4.3.1, characterization of nanoliposomes via average size, average zeta potential,
and concentration are described. Moreover, in section 4.3.2, characterization of the
neutral and cationic polymer-coated PDMS microchannel with the 400-nm noncharged
NPs is discussed. Finally, in section 4.3.3, adsorption behavior of nanoliposomes in
PDMS microchannel without coating, with cationic polyethylenimine (PEI), and with
neutral polyethylene-block-PEG coating are discussed.

Chapter 5 provides the overview of temperature dependent adsorption behavior of
50-nm, 100-nm, and 150-nm DLPC nanoliposomes on PEG-coated nCE chip with the
bypass channel in laser dark-field. Firstly, in section 5.2, preparation of DLPC
nanoliposomes, PDMS-based microchannel coated with the neutral PEG polymer, and

dark-field imaging in the microchannel are briefly discussed. In section 5.3.1,

23
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characterization of nanoliposomes via average size, average zeta potential, and
concentration are described. Moreover, in section 5.3.2, DLPC nanoliposomes in
PEG-coated PDMS microchannel at room temperature is discussed. Finally, in section
5.3.3, DLPC nanoliposomes in PEG-coated PDMS microchannel at gradual increase in

temperature is discussed.

24
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CHAPTER 2 Simulation of microcapillary electrophoresis chip with the

bypass channel

2.1 Introduction

As discussed in previous chapter, microcapillary electrophoresis chip is used to
measure the electrophoretic mobility for characterizing the nanoparticles. However,
hydrostatic pressure flow in this chip render its ability to accurately determine the EPM.
Hence, to solve this instability issue, we have designed a new chip by adding long-width
bypass channel to balance the fluid level of two open-end reservoirs and remove the
hydrostatic pressure flow within the microchannel as shown in Figure 1-2. The pCE chip
is consist of a microfluidic channel (length: 10 mm, width: 200 um, height: 200 um) and
reservoirs (diameter: 5 mm) open at extreme ends. In addition, the pCE chip with a bypass
channel has an additional open channel (length: 10 mm, width: 2 mm, height: 2 mm). To
test this new approach in chip design, the numerical modeling of fluid level adjustment
for two immiscible fluids interface (air-water interface) with a bypass channel are
simulated using the computational fluid dynamics (CFD) and microfluidic module within
COMSOL Multiphysics®.

In this chapter, firstly in section 2.2, the simulation procedures for numerical
modeling of fluid level adjustment for two immiscible fluids interface are briefly
reviewed, to highlight the 2D model conditions and simulation workflow within the

COMSOL Multiphysics®. In section 2.2.1, the model materials and, in section 2.2.2,
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model parameters selected to simulate the two-phase interface are described. In section
2.2.3, the model equations required to couple with the dimension are discussed, to show
the complexity and governing mechanism of phase field interface method. Moreover, in
section 2.2.4, the selection and application of each boundary conditions and meshing
coupled to the chip are introduced. Finally, in section 2.3, the obtained results for the
numerical simulation of the electrophoresis chip with the bypass channel are discussed,
to prove the assumption that adding a long-width bypass channel help to compensate the

hydrostatic pressure flow in the microchannel.
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2.2 Simulation procedure

Numerical modeling of fluid level adjustment for two immiscible fluids interface
with a long-width bypass channel were simulated using computational fluid dynamics
(CFD) and microfluidic module within COMSOL Multiphysics®*®- Here, laminar fluid
flow and phase field interface™->? are coupled together to monitor the interface motion
which is regulated by a Cahn-Hilliard equation®'-%, Moreover, the coupled interface
solves the Navier-Stokes equation for the fluid flow, a continuity equation, and transport
equations involving the phase field variable, mixing energy density and free energy?.
To simulate the fluid level balance, the simulation workflows within the software involve
crafting the model dimension and appropriate geometry, assigning the physical
parameters, material and meshing, and subsequently, selection of the phase initialization

and time-dependent method.
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2.2.1 Model materials

Numerical simulation of two-phase (air-water) interface using the phase field method
involve the coupling of materials to the cross-sectional dimension of the pCE chip
consisting of microchannel, bypass channel, and two reservoirs. Table 2-1 show the data
on the materials content selected to simulate the fluid interface. In addition, Figure 2-1

shows the 2D model of pCE chip with the bypass channel with the coupled model

materials.
Table 2-1 Data on model materials content
Property Air Water
Relative Permittivity 1 80
Dynamic Viscosity 1.81x107 [Pa.s] 1x107 [Pa.s]
Electrical Conductivity 0 [S/m] 5.5%10° [S/m]
Density 1.225 [kg/m?] 997 [kg/m?]

33



Chapter 2. Simulation of pCE chip with the bypass channel

1 1 1 1 1 1 1 1 1 1 1
3{mm

 Airll Water

Figure 2-1 COMSOL 2D model of pCE chip with the bypass channel with the coupled

air and water material.
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2.2.2 Model parameters

Table 2-2 show the information on the model parameters selected to simulate the two-

phase (air-water) interface using the phase field method of pCE chip with the bypass

channel.
Table 2-2 Data on model parameters
Symbol Expression Description

4 -30 [mV] Zeta potential of the fluid
E 0[V]and 5[V] Applied electric potential
Epf 6.5%107 [m] Parameter controlling interface thickness

x or Yy 1 [m.s/kg] Mobility tuning parameter

af /oo 1 [J/m?] Phi-derivative of external free energy
0, Water: 1.939 [rad] Contact angle of the fluid with PDMS

o Water: 0.07199 [N/m] Surface tension coefficient with air

4 1 Phase field help variable
A 0.5x10° [N] Mixing energy density
1) -1to1 Phase field variable
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2.2.3 Model equations
Numerical simulation of fluid interface tracking using the phase field method and
electroosmotic flow involves the physics equations©®%):

(a) Navier-Stokes equation for incompressible flow describing the flow in the channel
plu-VYu=V-[-pl + u(Vu+ (V)T +F
pV7 - (uw) =0

Where pl is pressure gradient, p is density of fluid, p is viscosity of fluid, F is

external force and u is fluid velocity.

(b) Helmholtz-Smoluchowski for electroosmotic velocity and the electric field strength

&8¢
U= WeoEr, Heo =_rT' E;=E—(E-n)n
Where ¢ is zeta potential of the fluid, E is applied electric potential, E; is electric
field strength, &, is permittivity of vacuum, &, is dielectric constant of fluid, p is

viscosity of fluid and p,, is electrophoretic mobility.

(c) Phase field

9 vo=v- v, p=pui
ar T LTYP TV = phipf

g2 of

— _v. 2 _ —_— = [
Y=-V-V0+ (0 1)®+/16(Z)' Y = psi

36



Chapter 2. Simulation of pCE chip with the bypass channel

A= 3£pfc/\/8, Y=X

Where X is mixing energy density, €,¢ is parameter controlling interface thickness,

f o . .
—g is phi-derivative of external free energy, o is

X or y is mobility tuning parameter, 5

surface tension coefficient with air and @ is phase field variable.

(d) Cahn-Hilliard equation for diffuse interface immiscible phase

Foe = A b Y of Vo
st — (Ef)f a®)

P=p1Ver + P2V , =WV + Ve

1+0

1-¢
V== Ve=—F, Vu+Vp=1

Where @ is phase field variable, ¥ is phase field help variable and V; is volume

fraction.
(e) Wetted Wall
n-—v¥ =20
n- V@ = cos(8,,) IVOI

Where 6, represent the contact angle of the fluid with PDMS.
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2.2.4 Model boundary conditions and meshing

Electroosmotic velocity was applied to two horizontal channels with built-in
expression for electroosmotic mobility and zeta potential of -30 [mV]. A no-slip boundary
condition with an open boundary at the top and an electric potential of 0 [V] and 5 [V] on
the left and right electrodes, respectively, were used as shown in Figure 2-2. A wetted
wall with a contact angle and surface tension coefficient with the fluid-gas interface were
applied as 1.939 rad and 0.07199 N/m, respectively. To model mesh, mapped meshing
with maximum and minimum element size of 0.13 mm and 0.0015 mm respectively, were

coupled as shown in Figure 2-3.
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Figure 2-2 COMSOL 2D model of pCE chip with the bypass channel depicting the left

and right electrodes position.
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mm

Figure 2-3 COMSOL 2D model of uCE chip with the bypass channel depicting the

mapped meshing.
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2.3 Results and discussion

Numerical simulation of the laminar two-phase flow with the phase field interface
(air-water interface) depicting the 2D cross-sectional dimension of the electrophoresis
chip include the microchannel, bypass channel, and two reservoirs. A new chip was
designed by adding long-width bypass channel to balance the fluid level of two open-end

reservoirs and show the following results:

(a) Volume fraction of fluid with the air-water interface
The shape of the air-water interface was flat and the contact angle was observed at

the air-water-wall interface as shown in Figure 2-4(a).

(b) Distribution of the fluid velocity at the applied voltage of 5V
The velocity flow in one direction at the microchannel is arisen from the electro

osmotic flow with the applied voltage 5 V as shown in Figure 2-4(b).

The 2D simulation of electrophoresis chip with the bypass channel qualitatively show

two important physical essences of:

@) Compensation of hydrostatic pressure flow

(i) Inhibition of perturbation in the microchannel

The result of 2D simulation provide the sufficient information about the role of the

bypass channel to remove the hydrostatic pressure flow in the microchannel.
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Figure 2-4 Numerical simulation of the laminar two-phase flow with the phase field
interface (air-water interface) for the electrophoresis chip with the bypass channel. (a)
The volume fraction of fluid with the air-water interface. (b) The distribution of the fluid
velocity in the electrophoretic chip with the bypass channel in the presence of the applied

electric potential of 5 V.
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2.4 Summary of this chapter

In this chapter, numerical modeling of fluid level adjustment for air-water interface
with laminar fluid flow and phase field interface in microcapillary chip with a bypass
channel using the computational fluid dynamics and microfluidic module within
COMSOL Multiphysics® were introduced.

In section 2.2.1, model materials selected to simulate the two-phase interface in p\CE
chip with the bypass channel were introduced. Here, the properties of air and water such
as relative permittivity, dynamic viscosity, density and electrical conductivity were
selected and coupled to the domains of the cross-sectional dimension of the uCE chip
with the bypass channel.

In section 2.2.2, model parameters selected to simulate the two-phase interface in
UCE chip with the bypass channel were described. Here, the range of model parameters
such as zeta potential of the fluid, applied electric potential of 0 V and 5 V, parameter
controlling interface thickness and mobility tuning, and phase field variables governing
the numerical simulation of air-water interface were coupled with the model. In addition,
contact angle of the fluid with PDMS and surface tension coefficient with air were
selected to estimate the shape of the air-water-wall interface.

In section 2.2.3, the selection of equations to simulate the two-phase interface in pCE
chip with the bypass channel were introduced. The equations coupled with the 2D model
were Navier-Stokes equation for the flow in the channel, electroosmotic velocity and the

electric field strength governing by Helmholtz-Smoluchowski, air-water interface motion
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regulated by Cahn-Hilliard equation and phase field, and contact angle of air-water-wall
by wetted wall.

In section 2.2.4, the selection of model boundary conditions and meshing coupled to
the uCE chip with the bypass channel were introduced. Here, two horizontal channels
were coupled for electroosmotic mobility and zeta potential of -30 [mV], an electric
potential of 0 V and 5 V on the left and right side of the chip wall as electrodes, wetted
wall with a contact angle and surface tension coefficient with the fluid-gas interface were
applied.

In section 2.3, the obtained results for the numerical simulation of the pCE chip with
the bypass channel were discussed. Here, the volume fraction of fluid and fluid velocity
distribution in the pCE chip with the bypass channel in the presence of the applied electric
potential of 5 V show the compensation of hydrostatic pressure flow and inhibition of
perturbation in the microchannel. Hence, proving the assumption that addition of long-
width bypass channel help to compensate the hydrostatic pressure flow in the

microchannel.
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CHAPTER 3 Experimental evaluation of microcapillary

electrophoresis chip with the bypass channel

3.1 Introduction

In chapters 1 and 2, the issues in the microcapillary electrophoresis chip causing the
hinderance for the accurate measurement of EPM of nanoparticle and simulation of uCE
chip with the bypass channel in COMSOL Multiphysics® as one of the proposed
research targets were introduced. Chapter 3 introduces the experimental evaluation of
the compensation of the hydrostatic pressure and Joule heating in nCE chip with the
bypass channel. As demonstrated by simulation, the presence of extra bypass channel in
microcapillary electrophoresis chip balance the fluid level of two open-end reservoirs
and remove the hydrostatic pressure flow within the microchannel, and thereby,
facilitating the evaluation of EPM with ease. To compare the simulated EPM of
nanoparticle with that of the experimental, pnCE chip with and without the bypass
channel are fabricated and individual NPs measurement are achieved by laser dark-field
imaging.

Firstly, in section 3.2.1, the general steps to fabricate the microcapillary chip with
and without the bypass channel is introduced. Secondly, in section 3.2.2, the
experimental setup and principle of laser dark-field imaging in the microchannel is
described, to show the effectiveness in individual nanoparticle detection. Then, in

section 3.3.1, compensation of the hydrostatic pressure in pCE chip with the bypass
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channel, and subsequent, comparison with uCE chip without the bypass channel are
described, to clarify the advantage of long-width bypass channel in compensating the
hydrostatic pressure flow. In section 3.3.2, current-Voltage (I-V) characteristics of the
UCE chip with and without the bypass channel is compared, to demonstrate the
inhibition of Joule heating in chip. Finally, in section 3.3.3, measurement of
electroosmotic flow in the chip with and without the bypass channel is discussed, to
show that there is no remarkable difference in EOF velocity values between the pCE

chips.

48



Chapter 3. Evaluation of pCE chip with the bypass channel

3.2 Experimental procedure
3.2.1 Fabrication of on-chip pCE with and without bypass channel

The microcapillary electrophoresis chip made up of poly(dimethylpolysiloxane)
(PDMS) and glass substrate was fabricated by soft lithography %32 Briefly, the
fabrication steps involve the photo resist deposition on to the silicon wafer, photo mask
and UV light exposure for designated time and temperature, mask remover and
photoresist dissolution with PDMS and curing agent treatment, and subsequent peel off
the PDMS slab with micropatterned embossed in it. The dimension of nCE chip with
and without the bypass channel were exactly same as mentioned in the introduction of

numerical simulation of uCE chip on chapter 2.
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3.2.2 Laser dark-field imaging in the microchannel

An experimental setup of the on-chip pCE chip with a laser dark-field imaging
were consists of a pCE chip, a high voltage dc power supply, a pair of platinum
electrodes, a 405-nm laser source, an inverted microscope, and an sCMOS camera.
Detection of nanoparticles (NPs) was based on dark field imaging of the laser light
scattered by the NPs under its vicinity. A 405-nm light was focused on the
microchannel filled with a NP suspension. An electric field was applied across two
vertical arms with varied potential ranging from 0 to 50 V. The NPs under the influence
of the potential moved along the microchannel (200 um in width, 200 pm in height, and
10 mm in length). A Rayleigh scattering image of the NPs in the microchannel was
simultaneously captured via the SCMOS camera as shown in Figure 3-1. Non-charged
nanoparticles (Non-charged NPs) which are polystyrene particles with a 400-nm
diameter coated with hydroxyl propyl cellulose were dissolved in water and PBS.
Sample solution was loaded into the microchannel of the nCE chip, as follows. First,
sample solution was pipetted into the left reservoir of the pCE chip. Subsequently, it
was introduced into the microchannel by suctioning from the right reservoir using a
syringe. Then, the bypass channel and the reservoirs were filled with the sample

solution.

50



Chapter 3. Evaluation of nCE chip with the bypass channel

Figure 3-1 sCMOS image of 400 nm non-charged polystyrene nanoparticles in milli-Q

water in laser dark-field imaging in the microchannel of WCE chip with the bypass

channel.
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3.3 Results and discussion
3.3.1 Compensation of the hydrostatic pressure by the bypass channel
The compensation of the hydrostatic pressure in PCE chip with the bypass channel
were preformed experimentally, and compared with the uCE chip without the bypass
channel, as there was a structural difference between the two fabricated pCE chips.
Firstly, the hydrostatic pressure compensation of the bypass channel that was designed
to improve the stability of the fluid flow in the microchannel was evaluated. To test this
fluid flow stability, images of the position of the polystyrene NPs in the microchannel
for the pCE chips with and without the bypass channel, were captured between 0 and 30
min. A 1-pL droplet of the NP suspension was added at 1 min in one of the reservoirs to
produce a hydrostatic pressure from the height difference between the reservoirs. As
shown in Figure 3-2, the NPs in the microchannel of the uCE chip without the bypass
channel flowed by the hydrostatic pressure flow owing to the disruption of the fluid
equilibrium levels at their reservoir. With the addition of a small volume of the droplet
of 1 pL, a long balancing time of the fluid level was required, because of the low fluid
conductance of the narrow microchannel. The behavior of fluids flowing in the
microchannel of pCE chip follows a Poiseuille flow; steady-state fluid flow induced by
pressure difference in a long straight channel. The volume flow rate Q in the
microchannel could be theoretically predicted from the applied hydrostatic pressure AP

and the microchannel resistance R 59
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From the Navier—Stokes equations, the microfluidic resistance of a square

cross-sectional microchannel R is expressed as shown below®?)

121l 1

R =T 0917 %0632

The parameter 1 is the viscosity of the liquid, 0.001 Pa-s, and L is the microchannel
length, 10 mm. The parameter h is the width and height of the square microchannel, 200
um. The hydrostatic pressure created from the difference of the fluid level between the

two reservoirs h is given as

AP = pgh

The parameter p is the density of the liquid, 997 kg/m3, and g is the gravity
acceleration, 9.8 m/s?. The average velocity in the microchannel was calculated from
the volume flow rate Q and the cross-sectional area of the microchannel. The
theoretically predicted temporal change in the velocity after the addition of the 1-pL
droplet is shown in Figure 3-2, and the balancing time was estimated to be
approximately 5 min.

Surprisingly, the fluctuation of the fluid velocity was still observed over the
balancing time of the height difference of the fluid level between the two reservoirs. The

meniscus instability at the fluid-wall interface resulted in the fluid velocity fluctuation
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over the balancing time. This instability of the meniscus is known as the
Saffman-Taylor-like instability®%¢?, Saffman-Taylor instability (also known as
viscous fingering or Hele-Shaw flow) arises when a fluid is pushed on to a more viscous
fluid between closely spaced parallel plates. The interface between the fluids develops a
hydrodynamic instability leading to the formation of finger-like patterns. The puCE chip
with the bypass channel compensated this fluid imbalance with minimal movement of
the NPs in the microchannel (only a Brownian motion was observed), as shown in
Figure 3-3. These results indicated that the bypass channel eliminated the generation of
an unstable hydrostatic pressure flow in the microchannel by compensating the
fluctuation of the hydrostatic pressure created from the instability of the meniscus in the

reservoirs.
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Figure 3-2 The temporal velocity changes of the polystyrene NPs in the microchannel of
the pCE chip without the bypass channel. The fluctuation of the fluid flow created from
the instability of the meniscus at the water-wall interface in the reservoirs was observed

over the balancing time of the fluid level.
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Figure 3-3 The temporal velocity changes of the polystyrene NPs in the microchannel of
the UCE chip with the bypass channel. The presence of bypass channel causes the
compensation of the hydrostatic pressure, and the fluid flow in the microchannel in the

pCE with the bypass channel was stable even with the addition of the 1-pL droplet.
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3.3.2 Current-Voltage (I-V) characteristics of the pnCE chip with and
without the bypass channel

The characteristics of the current and applied voltage (I-V) for water, HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer, and phosphate buffered
saline (PBS) in the two fabricated pCE chips with and without the bypass channel
represented in Figures 3-4 and 3-5 respectively. The I-V characteristics followed Ohm’s
law. Considering the Ohm's law, current I can be determined from the applied voltage V
and the electric resistivity R. The R of a microchannel can be calculated as R = 1/(CxA),
where C is the conductivity of the solution, I is the length of the microchannel, and A is
the cross-sectional area. Thus, the difference in current between the pCE chip with and
without the bypass channel is due to the difference between the cross-sectional areas
and the difference between the conductivities of the solution. The measured current in
the uCE chip with the bypass was approximately 0.8—1.0 x 10? times higher than that of
the puCE chip without the bypass channel, because the additional large channel
facilitated more ion movement. Moreover, the measured current for PBS was high
owing to its higher electrical conductivity and ionic strength than that of water. In
addition, for PBS in the pCE chip with the bypass channel, a further increase of the I-V
characteristics resulted in a deviation from linearity over 10 V. This deviation could be
considered from the effect of Joule heating accompanied with the mobility increase of

the ions™?,
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Figure 3-4 Plot of the current and applied voltage for (a) water, (b) HEPES buffer, and

(c) PBS in the uCE chip without the bypass channel.
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Figure 3-5 Plot of the current and applied voltage for (a) water, (b) HEPES buffer, and
(c) PBS in the pCE chip with the bypass channel. The bypass channel enabled more ion
movement within its dimension, and thereby, produced a multiple fold increase in the
measured current for the different solution than that of the chip without the bypass

channel. The deviation from linearity owing to the mobility increase created from Joule

heating was observed in the electrophoresis chip with the bypass channel for PBS.
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3.3.3 Electroosmotic flow (EOF) velocity measurement in the pCE
chip with and without the bypass channel

Figures 3-6 show the plots of the migration velocity of the non-charged NPs and
applied voltage for uCE chips without and with the bypass channel. The velocity of the
non-charged NPs represented the velocity of the EOF and directly proportional to the
electric field. No remarkable difference was observed from the migration EOF velocity
values between the pPCE chips with and without the bypass channel. This result
indicated that the bypass channel would not produce a disturbance in the microchannel
for the electrophoretic measurement. In addition, the values of EOF velocity were
matched with the simulation results, expectedly. Magnitude of the EOF velocity of the
experimental result (10.0 + 0.9 pm/s for water with bypass at the applied voltage of 5 V)

was coincided with the simulation result.
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Figure 3-6 Plot of the migration velocity of the non-charged NPs (um/s) and the applied
voltage (V) for water and PBS in the uCE chip (a) without the bypass channel and (b)

with the bypass channel.
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3.4 Summary of this chapter

In this chapter, the experimental evaluation of the compensation of the hydrostatic
pressure and Joule heating in fabricated pnCE chip with the bypass channel were
described. The presence of long-width bypass channel in microcapillary electrophoresis
chip balance the fluid level of two open-end reservoirs and remove the hydrostatic
pressure flow within the microchannel, as shown by numerical simulation, and hence,
the fabricated chips were demonstrated for the evaluation of EPM by estimating the
hydrostatic pressure flow compensation, current-voltage and electroosmotic flow
velocity measurement in the pCE chip with and without the bypass channel.

In section 3.2.1, the fabrication steps of the microcapillary chip with and without
the bypass channel were introduced. Here, soft lithography method had been employed
to fabricate the WCE chips with and without the bypass channel, and made up of
poly(dimethylpolysiloxane) (PDMS) and glass substrate.

In section 3.2.2, laser dark-field imaging to visualize the individual nanoparticles in
the microchannel were described. In addition to the experimental setup, the principle
behind this technique were also discussed. Here, the visualization and measurement of
individual NPs were achieved in a dark field due to Rayleigh scattering of light in the
microchannel.

In section 3.3.1, evaluation of the hydrostatic pressure compensation of the bypass
channel and the stability of the fluid flow in the microchannel were described. In order

to see the compensation, images of polystyrene NPs in the microchannel of the chips
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were captured between 0 and 30 min, and at 1 min, 1-uL droplet of the NP suspension
was added creating an imbalance in fluid level. In uCE chip without the bypass channel,
low fluid conductance of the microchannel led to long balancing time. Surprisingly, we
observed the fluctuation of the fluid velocity over the balancing time resulting from the
meniscus instability at the fluid-wall interface called Saffman-Taylor-like meniscus
instability. However, in pCE chip with the bypass channel, only Brownian motion of
NPs were observed depicting the complete elimination of unstable hydrostatic pressure
in the microchannel.

In section 3.3.2, the difference between the cross-sectional areas of chips and
conductivities of the solutions, current-Voltage (I-V) characteristics of the nCE chip
with and without the bypass channel were compared. Measured current in pCE chip
with the bypass channel was 0.8-1.0 x 107 times higher as the large channel facilitated
more ion movement. In addition, high electrical conductivity and ionic strength result in
increase in the measured current for PBS. However, PBS in the uCE chip with the
bypass channel resulted in a deviation from linearity over 10 V due to Joule heating
accompanied with the mobility increase of the ions.

In section 3.3.3, measurement of electroosmotic flow in the chip with and without
the bypass channel were discussed. In uCE chip with the bypass channel, no disturbance
for the EPM measurement were observed. The magnitude of the EOF velocity of the
experimental result (10.0 = 0.9 um/s for water in uWCE chip with the bypass at the

applied voltage of 5 V) was matched with the simulation result, expectedly. In addition,
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EOF velocity in pCE chips with and without the bypass channel were similar depicting

no disturbance in EOF due to the presence of bypass channel.
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CHAPTER 4 Adsorption behavior of nanoliposomes in microcapillary

electrophoresis chip with the bypass channel

4.1 Introduction

Chapter 4 introduce the adsorption behavior of charged nanoliposomes in presence
of polymer coated on the surface of a microchannel of uCE chip with the bypass
channel. The microchannel of a pCE chip is made up of poly(dimethylpolysiloxane)
(PDMS), and exhibit the negative surface potential. Hence, in presence of charged
nanoliposomes, there exist an electrostatic interaction between the nanoliposomes and
microchannel surface.

The introduction of liposomes to the research world, more than 50 years ago®", led
to the development of numerous lipid vesicles with diverse shapes and sizes®> 3. A
liposome is composed of an outer lipid bilayer encapsulating the internal environment.
It can be uni- or multilamellar, depending on the number of bilayers, and anionic,
cationic, or neutral in nature based on the charged surface. Nanoliposomes represent the
lipid bilayer in nanoscale dimension, exhibiting high surface area and solubility(®+ 6.
They are composed of a phospholipid and cholesterol moiety. A phospholipid is
amphiphilic in nature and displays hydrophilic (phosphate ester) and hydrophobic (acyl)
groups forming the bilayer, whereas the cholesterol plays a strategic role in
nanoliposome composition by modulating the membrane fluidity and permeability, lipid

vesicle size, and its stability®®).
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A microcapillary chip which contains poly(dimethylsiloxane) (PDMS)-based
sub-millimeter-sized microchannels is highly attractive for characterizing
nanoparticles®® 3?). However, the nonspecific adsorption of biomolecules and NPs onto
the surface of a microchannel, owing to the interaction between the particle and
microchannel surface, poses a significant challenge to this technology. These
interactions can be divided into hydrophobic interaction, electrostatic with Coulombic
attraction or repulsion interaction, and van der Waals interaction®”- 8, Microcapillary
chips, in many cases, are fabricated by soft lithography using PDMS and a glass
substrate(%-32), However, the surface of native PDMS in the microchannels is negatively
charged. Thus, when considering a PDMS-based microcapillary chip for practical use,

this negative surface potential causes:

@) Nanoparticle adsorption due to hydrophobic and/or electrostatic interaction

(i) Electroosmotic flow arising within the microchannel

Hence, the surface properties of a PDMS-based microchannel demand further study
to determine the adsorption behavior of charged NPs in the presence of different
(negative, positive, and neutral) surface zeta potentials in the microchannel. In this
chapter, the adsorption phenomenon of nanoliposomes is investigated by observing the
neutral, cationic, and anionic nanoliposomes in the microchannels with different surface
zeta potentials. The surface zeta potential of the PDMS microchannel is changed using
the neutral polyethylene-block-poly(ethylene glycol) (PEG) and a cationic
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polyethylenimine (PEI) polymer coated on the microchannel.

Firstly, in section 4.2.1, the materials require to prepare the neutral, cationic and
anionic nanoliposomes, and polymers to coat the PDMS microchannel are listed. In
section 4.2.2, the method of preparation of nanoliposomes is described, to show the
importance abd role of different molar ratio of lipids and cholesterol. In section 4.2.3, a
neutral polyethylene-block-PEG and cationic PEI polymers to coat the PDMS
microchannel of uCE chip and characterization of coated microchannel via non-charged
nanoparticles are discussed, to give the information polymer concentration of coating.
In section 4.2.4, the information about the dark-field imaging of naoliposomes in
microchannel is described.

Secondly, in section 4.3.1, characterisation of nanoliposomes via measuring the avg.
size, avg. zeta potential and concentration are discussed, to give the information of
prepared nanoliposomes. In section 4.3.2, characterisation of coated PDMS
microchannel by measuring the zeta potential of the coated microchannel using the
non-charged nanoparticle is introduced, to estimate whether the PDMS microchannel is
coated with the polymers or not. Finally, in section 4.3.3, adsorption dynamics of
charged nanoliposomes in presence of WCE chip without coating, with cationic PEI and
with the neutral polyethylene-block-PEG coating microchannel are discussed, to give

the information of nanoliposomes behavior in respective coated microchannels.
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4.2 Experimental procedure
4.2.1 Materials

1,2-Di-O-octadecenyl-3-trimethylammonium propane (chloride salt) (DOTMA),
1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), and L-a-phosphatidylserine (Brain,
Porcine) (sodium salt) (PS) were purchased from Avanti Polar Lipids, AL, USA, and
cholesterol was purchased from Sigma Aldrich, Japan, and used without any
purification. Chloroform and phosphate buffered saline (PBS) were purchased from
Wako Pure Chemical Industries Ltd., Japan, and GIBCO, Invitrogen, USA, respectively.
Polyethylene-block-PEG (average mol. wt. ~1400 g mol™!) containing 50 wt.% ethylene
oxide was purchased from Sigma Aldrich, Japan. Polyethylenimine (PEI) (average mol.
wt. ~70,000 g mol") was purchased from Fujifilm Wako Pure Chemical Corp., Japan.
The noncharged NPs of polystyrene with a hydroxyl propyl cellulose coating were

provided by Otsuka Electronics Co., Ltd.
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4.2.2 Preparation of nanoliposomes

The nanoliposomes were prepared using the thin-film hydration method, where an
appropriate molar ratio of lipids was dissolved in chloroform on a vial®®. The lipid film
was deposited by evaporating the organic solvent, and subsequently, hydrated with PBS
buffer with pH 7.4 and ionic strength 165 mM for 24 h. The neutral liposome was
prepared with DLPC and cholesterol at 4:1 molar ratio, which helps to maintain a
similar cholesterol composition within the two monolayers of the liposome©®®. The
cationic liposome was prepared with DOTMA and cholesterol at 1:1 molar ratio!7?),
whereas the anionic liposome was prepared using DLPC, PS, and cholesterol at
5.55:0.45:4 molar ratio to avoid the saturation of the absolute value of the average zeta
potential and maintaining the stability of the liposome®. Later, the original liposomes
were extruded through a polycarbonate membrane with 100 nm pore size using an
Avanti® mini-extruder to form nanoliposomes with the size distribution to study the

adsorption phenomenon on the microchannel.
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4.2.3 PDMS coating and characterization

A PDMS-based microchannel of a microcapillary chip with the bypass channel was
coated with the following polymers: neutral polyethylene-block-PEG and cationic PEI.
The PEG solution was prepared with 100 mg/mL concentration, whereas for the PEI
solution, 126 mg/mL concentration was used. Later, the chip was filled with a polymer
solution to coat the PDMS surface, for 4 h. In addition, to characterize the coated
PDMS microchannel, 400-nm, noncharged NPs were used to estimate the zeta potential

of the coated microchannel.
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4.2.4 Imaging of nanoliposomes in microcapillary chips

The detection of individual nanoliposomes in the microchannel of a microcapillary
chip with the bypass channel was based on dark-field imaging of the laser light
scattered by the nanoliposomes exhibiting the Brownian motion under its vicinity. Here,
the concentration range from 107 to 10° particles/mL are reliably detectable using the
micro-capillary chip system®”. In addition, the adsorption of nanoliposomes was
estimated by image acquisition of the nanoliposome-filled microchannel with 1 min
interval, starting from 4 min after liposome solution introduction in the microcapillary
chip (total experiment time: 15 min). The number of nanoliposomes in the region of
interest (ROT) of the microchannel was counted using the vesicle analyzer software®” to

evaluate their adsorption on the microchannel surface, as shown in Figures 4-1.
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Figure 4-1 (a) Schematic of a microcapillary chip with the bypass channel. (b)
Schematics of counting nanoliposomes in the PDMS microchannel of microcapillary

chip with the bypass channel (200 um width and 200 pm height).
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4.3 Results and Discussion
4.3.1 Characterization of nanoliposomes

The prepared nanoliposomes were characterized for average size, polydispersity
index, and zeta potential using Malvern® Zeta-Sizer Nano instrument. In addition, the
nanoliposomes concentration were measured using a nanoparticle tracking analysis
system (Nanosight system, Malvern) where the properties of light scattering and
Brownian motion are utilize to visualize and analyze the NPs in liquid suspension based

on Einstein-Stokes equation(?3:26),

4.3.1.1 Average size

Figures 4-2 show the measured average size of DLPC, DOTMA, and PS
nanoliposomes, whose values were 117.0 nm, 117.3 nm, and 111.7 nm, respectively,
whereas the polydispersity index (PDI) was obtained as 0.10, 0.08, and 0.08,

respectively, as shown by Malvern® Zeta-Sizer Nano instrument.
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Figure 4-2 Measured average and distribution of size (nm) of nanoliposomes by

Malvern® Zeta-Sizer Nano instrument: (a) DLPC, (b) DOTMA, and (c) PS.
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4.3.1.2 Average zeta potential

The net charge accumulated on the liposome surface determined the magnitude and
sign of zeta potential. Table 4-1 shows the average zeta potential of DLPC, DOTMA,
and PS nanoliposomes. The phospholipid DLPC molecules are zwitter-ionic in nature.
According to Makino et al.’, the temperature and ionic strength of solution induces
conformational changes in the lipid polar head of the liposome, and subsequently affects
the zeta potential value. In the presence of a high-ionic-strength solution, the choline
groups extend in the outer portion, whereas the phosphatidyl groups lie in the inner
region of the liposome, resulting in a low zeta potential. Because the DLPC lipid was
hydrated in PBS buffer having pH 7.4 and ionic strength 165 mM, it exhibited a low
negative zeta potential. In addition, DOTMA and PS nanoliposomes showed cationic

and anionic properties, respectively.

Table 4-1 Average zeta potential (mV) of DLPC, DOTMA, and PS nanoliposomes

measured by Malvern® Zeta-Sizer Nano instrument.

Nanoliposomes Average zeta potential (mV)
DLPC (neutral) -1.51+£0.19
DOTMA (cationic) 4217+ 1.71
PS (anionic) -12.50£0.50
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4.3.1.3 Concentration of nanoliposomes

Prior to the adsorption measurement, the concentration of DLPC, DOTMA and PS
nanoliposomes were measured using a nanoparticle tracking analysis system (Nanosight
system, Malvern) as shown in Figures 4-3. The concentration of DLPC nanoliposomes
were measured as 5.91x10% particles/ml, DOTMA nanoliposomes were 34.15x10%
particles/ml whereas PS nanoliposomes showed 6.91x10% particles/ml. Hence, 10x
diluted sample of DOTMA were used in order to have an equivalent particle
concentration as that of DLPC and PS nanoliposomes during the adsorption
measurement in microchannel. In addition, the mean size distribution of DLPC,

DOTMA and PS nanoliposomes were measured as 110 nm, 87 nm, 152 nm respectively.
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Figure 4-3 Measured concentration of nanoliposomes in nanoparticle tracking analysis

(Nanosight system, Malvern) system: (a) DLPC, (b) DOTMA and (c) PS.
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4.3.2 Characterization of the coated PDMS microchannel

To characterize the PDMS microchannel coated with the neutral
polyethylene-block-PEG and cationic PEI, 400-nm, noncharged NPs were used as
probes to estimate the surface zeta potential. Here, the velocity of the noncharged NPs
represents the EOF velocity, and is directly proportional to the electric field. The zeta

potential of the coated microchannel is calculated by Helmholtz—Smoluchowski

equation’?:
_ &eEE
Vpor = 1 ¢
where
Uror : Electroosmotic flow rate in the microchannel
¢ : Zeta potential of the coated microchannel
€ : Relative permittivity of the medium
& : Vacuum permittivity
n : Viscosity of the medium
E : Electric field

The hydrophobic groups between the PDMS and polymers, namely
polyethylene-block-PEG and PEI, form a weak interaction bond during the coating
process, resulted in the neutral and cationic surface zeta potential in the microchannel of
the microcapillary chip. Table 4-2 shows the average zeta potential of the coated

microchannel.
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Table 4-2 Average zeta potential (mV) of the surface of the PDMS microchannels with

and without coating.

Microcapillary chip Average zeta potential (mV)
PDMS microchannel without
coating -13.82+2.31
PDMS microchannel with PEI
coating 7.79 £ 0.91

PDMS microchannel with
polyethylene-block-PEG 0.00£0.01
coating
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4.3.3 Adsorption dynamics of nanoliposomes
4.3.3.1 Nanoliposomes in PDMS microchannel without coating

Figures 4-4 show the adsorption phenomena of DLPC, DOTMA, and PS
nanoliposomes in the PDMS microchannel of the microcapillary chip without coating.
The chemical structure of PDMS comprises repeating units of —OSi(CHz)>— groups,
leading to a hydrophobic surface within the microchannel of a microcapillary chip#.
The particle number of neutral DLPC nanoliposomes in the ROI of the microchannel
decrease gradually owing to the hydrophobic interaction with the hydrophobic surface
of PDMS, and subsequently, indicate nanoliposome adsorption on the microchannel
surface. In addition, the negative surface potential of PDMS results in electrostatic
interaction with cationic DOTMA and anionic PS nanoliposomes arising from the
Coulombic attraction or repulsion between the charged groups. Here, the decrease in the
particle number of cationic DOTMA nanoliposomes represents the electrostatic
attraction, whereas the fairly constant particle number of anionic PS nanoliposomes in

the ROI of the microchannel show electrostatic repulsion with PDMS.
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Figure 4-4 Adsorption phenomena of nanoliposomes in PDMS microchannel without

coating: (a) DLPC, (b) DOTMA, and (c) PS.
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4.3.3.2 Nanoliposomes in PDMS microchannel with polyethylenimine
(PEI) coating

Figures 4-5 show the adsorption phenomena of DLPC, DOTMA, and PS
nanoliposomes in the PDMS microchannel of the microcapillary chip with PEI coating.
PEI is a polycation polymer forming a cationic coating on the PDMS surface, resulting
in positive zeta potential. Owing to this, neutral DLPC nanoliposomes and cationic
DOTMA nanoliposomes show the excluded volume effect and electrostatic repulsion,
respectively, with the PEI-coated microchannel, as indicated by the fairly constant
particle number in the ROI of the microchannel throughout the experiment. However,
anionic PS nanoliposomes show a decrease in the particle number in the ROI, indicating
the electrostatic interaction involving Coulombic attraction with the positively charged
PEI-coated microchannel. Hence, the excluded volume effect and electrostatic repulsion

of the nanoliposomes help to attenuate the adsorption in the microchannel.
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Figure 4-5 Adsorption phenomena of nanoliposomes in PDMS microchannel with PEI

coating: (a) DLPC, (b) DOTMA, and (c) PS.
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4.3.3.3 Nanoliposomes in PDMS microchannel with polyethylene-
-block-poly(ethylene glycol) (PEG) coating

Figures 4-6 show the adsorption phenomena of DLPC, DOTMA, and PS
nanoliposomes in the PDMS microchannel of the microcapillary chip with the
polyethylene-block-PEG coating. This coating on the PDMS leads to a neutral surface.
Hence, the charged nanoliposomes display less interaction with the PEG-coated
microchannel. All nanoliposomes, namely neutral DLPC, cationic DOTMA, and anionic
PS, display a fairly constant particle number in the ROI, indicating the excluded volume
effect with a neutral PEG-coated microchannel. Here, the PEG-derived surface
modification of the microchannel leads to a significant reduction in the nonspecific
interaction of nanoliposomes, causing an effective exclusion owing to the high degree
of hydrophilicity and chain flexibility’>. Therefore, the excluded volume effect of the
nanoliposomes and neutral PEG-coated microchannel help to diminish the adsorption of

nanoliposomes in the microchannel.
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Figure 4-6 Adsorption phenomena of nanoliposomes in PDMS microchannel with

polyethylene-block-PEG coating: (a) DLPC, (b) DOTMA, and (c) PS.
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4.4 Summary of this chapter

In this chapter, the overview of cationic, anionic and neutral nanoliposomes
exhibiting the adsorption behavior in presence of polymer (polyethylenimine and
polyethylene-block-PEG) coated microchannel of a uCE chip with the bypass channel
in laser dark-field were introduced. Since the PDMS-based microchannel exhibit the
negative surface potential, there exist an electrostatic interaction between the
nanoliposomes and surface of microchannel leading to the adsorption via hydrophobic
and/or electrostatic interaction, and electroosmotic flow arising within the
microchannel.

In section 4.2.1, the materials required for the preparation of neutral, cationic and
anionic nanoliposomes, and polymers to coat the PDMS microchannel were introduced.
Here, neutral DLPC, cationic DOTMA and anionic PS represent the charged
nanoliposomes whereas polyethylenimine and polyethylene-block-PEG constitute the
polymer to coat the surface of the microchannel of pCE chip.

In section 4.2.2, thin film hydration as the method of preparation of nanoliposomes
was described. Here, the lipid film was deposited in vial by evaporating the organic
solvent, and subsequently, hydrated with PBS buffer before the extrusion using the
Avanti® mini-extruder. In addition, neutral, cationic and anionic nanoliposomes were
composed of 4:1, 1:1, and 5.55:0.45:4 molar ratios, respectively, in order to maintain the
effective cholesterol concentration and stability of the liposome.

In section 4.2.3, a neutral polyethylene-block-PEG and cationic PEI polymers to
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coat the PDMS microchannel of uCE chip with the bypass channel was introduced.
Here, 100 mg/mL and 126 mg/mL concentration of the PEG and PEI solution,
respectively, for 4 h were chosen to coat the microchannel surface.

In section 4.2.4, dark-field imaging and method of image acquisition of
nanoliposomes exhibitng the adsorption behavior in coated microchannel were
described. With the total experiment time of 15 min, the image acquisition of the
nanoliposome-filled microchannel started from 4 min, with 1 min interval, after
nanoliposome solution introduction in the chip.

In section 4.3.1, avg. size, avg. zeta potential and concentration of nanoliposomes
were measured as a means of characterisation. The measured average size of DLPC,
DOTMA, and PS nanoliposomes were 117.0 nm, 117.3 nm, and 111.7 nm, respectively.
The measured zeta potential of nanoliposomes were -1.51 = 0.19 mV, 42.17 + 1.71 mV,
and -12.50 £ 0.50 mV, respectively. In addition, 5.91x10% particles/ml, 34.15x10%
particles/ml, and 6.91x10® particles/ml represent the concentration of neutral DLPC,
cationic DOTMA and anionic PS nanoliposomes measured by NTA system.

In section 4.3.2, zeta potential of the coated microchannel using the 400-nm
non-charged nanoparticles were employed to characterise the polymer-coated PDMS
microchannel. Here, the calculated zeta potential of PDMS microchannel without
coating, with PEI coating and with polyethylene-block-PEG were -13.82 + 2.31 mV,
7.79 £ 0.91 mV, and 0.00 + 0.01 mV, respectively.

In section 4.3.3, adsorption behavior of neutral DLPC, cationic DOTMA and
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anionic PS nanoliposomes in PDMS microchannel without coating, with cationic PEI
and with neutral polyethylene-block-PEG coating were discussed. Firstly, in subsection
4.3.3.1, in PDMS microchannel without coating, the decrease in the particle number of
neutral DLPC and cationic DOTMA nanoliposomes suggested the hydrophobic
interaction with the hydrophobic surface and electrostatic interaction with the negative
surface potential of PDMS, respectively. However, anionic PS nanoliposomes showed
the electrostatic repulsion with PDMS. Secondly, in subsection 4.3.3.2, in PDMS
microchannel with cationic PEI coating, the fairly constant particle number of neutral
DLPC and cationic DOTMA nanoliposomes showed the excluded volume effect and
electrostatic repulsion, respectively whereas PS nanoliposomes exhibit the electrostatic
attraction. Finally, in subsection 4.3.3.3, in PDMS microchannel with
polyethylene-block-PEG coating, all the nanoliposomes displayed the excluded volume
effect as indicated by the constant particle number in the ROI. Therefore, we concluded
that the electrostatic repulsion and excluded volume effect helps to attenuate the

adsorption of nanoliposomes on the PDMS-based microchannel surface.
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CHAPTER 5 Temperature dependent adsorption behavior of

nanoliposomes on PEG-modified surface

5.1 Introduction

In the previous chapter, the adsorption behavior of charged nanoliposomes in
presence of polymer coated on the surface of a microchannel of WCE chip with the
bypass channel were studied as part of the fundamental of this thesis. Brownian motion
of nanoliposomes were stably observed and adsorption of nanoliposomes on the surface
of the microchannel can be attenuated based on electrostatic repulsion and excluded
volume effect. Chapter 5 deal with the application of the nCE chip with the bypass
channel. In this study, the effect of temperature on adsorption behavior of
nanoliposomes on polyethylene-block-PEG coated PDMS microchannel of pCE chip
with the bypass channel are observed.

PEG is a non-toxic, hygroscopic, and chemically inert synthetic polymer with the
application ranging from the PEG-grafted liposomes’® to polymer coating’”). The
properties of PEG can be affected by its molecular weight, temperature and even the
presence of additives’®). However, there are not much reported studies on the effect of
temperature on PEG-modified surface for adsorption behavior of nanoliposomes. Hence,
in this study, temperature dependent adsorption behavior of 50-nm, 100-nm, and
150-nm DLPC nanoliposomes on polyethylene-block-PEG coated PDMS microchannel

of nCE chip with the bypass channel are investigated.
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Firstly, in section 5.2, preparation of 50-nm, 100-nm, and 150-nm DLPC
nanoliposomes, = PDMS-based  microchannel  coated  with  the  neutral
polyethylene-block-PEG polymer, and dark-field imaging in the microchannel are
briefly discussed. Secondly, in section 5.3.1, characterisation of DLPC nanoliposomes
via measuring the avg. size, avg. zeta potential and concentration are discussed, to give
the information of prepared nanoliposomes. Thirdly, in section 5.3.2, DLPC
nanoliposomes in PEG-coated PDMS microchannel at room temperature is observed.
Finally, in section 5.3.3, DLPC nanoliposomes in PEG-coated PDMS microchannel at

gradual increase in temperature is discussed.
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5.2 Experimental procedure
5.2.1 Materials

1,2-dilauroyl-sn-glycero-3-phosphocholine  (DLPC), and cholesterol were
purchased from Avanti Polar Lipids, AL, USA, and Sigma Aldrich, Japan, respectively,
and used without any purification. Chloroform and phosphate buffered saline (PBS)
were purchased from Wako Pure Chemical Industries Ltd., Japan, and GIBCO,
Invitrogen, USA, respectively. Polyethylene-block-PEG (average mol. wt. ~1400 g

mol!) containing 50 wt.% ethylene oxide was purchased from Sigma Aldrich, Japan.

5.2.2 Preparation of DLPC nanoliposomes

As described in chapter 4, the liposomes were prepared using the thin-film
hydration method, where DLPC and cholesterol at 4:1 molar ratio was dissolved in
chloroform on a vial. The lipid film was deposited by evaporating the organic solvent,
and subsequently, hydrated with PBS buffer with pH 7.4 and ionic strength 165 mM for
24 h. Later, the original liposomes were extruded through a polycarbonate membrane
with 50-nm, 100-nm and 150-nm pore size using an Avanti® mini-extruder to form

nanoliposomes with the appropriate size distribution.
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5.2.3 PDMS coating with neutral polyethylene-block-PEG polymer
A PDMS-based microchannel of a microcapillary chip with the bypass channel was
coated with 100 mg/mL concentration of neutral polyethylene-block-PEG polymer for 4

h as described in chapter 4.

5.2.4 Imaging of DLPC nanoliposomes in microcapillary chips

As described in chapter 4, the detection of individual DLPC nanoliposomes in the
microchannel of a pCE chip with the bypass channel was based on dark-field imaging.
To study the temperature dependent adsorption behavior of nanoliposomes on
PEG-modified surface, the image acquisition of the nanoliposomes at room and gradual
increase in temperature in microchannel were taken, with 1 min interval, starting from 4
min after solution introduction in the microcapillary chip (total experiment time: 15
min). Later the number of nanoliposomes in the region of interest (ROI) of the

microchannel was counted using the vesicle analyzer software.
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5.3 Results and Discussion
5.3.1 Characterization of DLPC nanoliposomes

The prepared 50-nm, 100-nm, and 150-nm DLPC nanoliposomes were
characterized for average size, polydispersity index, and zeta potential using Malvern®
Zeta-Sizer Nano instrument. In addition, the liposomes concentration was measured
using a nanoparticle tracking analysis system (Nanosight system, Malvern) as described

in chapter 4.

5.3.1.1 Average size

Figures 5-1 show the measured average size of DLPC nanoliposomes, whose values
were 69.42 nm, 108.9 nm, and 154.5 nm, respectively, whereas the polydispersity index
was obtained as 0.073, 0.065, and 0.109, respectively, as shown by Malvern® Zeta-Sizer

Nano instrument.
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Figure 5-1 Measured average and distribution of size (nm) of DLPC nanoliposomes by

Malvern® Zeta-Sizer Nano instrument: (a) 50 nm, (b) 100 nm, and (¢) 150 nm.
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5.3.1.2 Average zeta potential
The net charge accumulated on the liposome surface determined the magnitude and
sign of zeta potential. Table 5-1 shows the average zeta potential of 50-nm, 100-nm, and

150-nm DLPC nanoliposomes measured by Malvern® Zeta-Sizer Nano instrument.

Table 5-1 Average zeta potential (mV) of 50-nm, 100-nm, and 150-nm DLPC

nanoliposomes measured by Malvern® Zeta-Sizer Nano instrument.

Liposomes Average zeta potential (mV)
50-nm DLPC -1.28 £0.62
100-nm DLPC -1.07 £0.34
150-nm DLPC -0.94 £+ 0.30
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5.3.1.3 Concentration of DLPC nanoliposomes

Prior to the temperature dependent adsorption behavior in pCE with the bypass
channel, the concentration of 50-nm, 100-nm, and 150-nm DLPC nanoliposomes were
measured using a nanoparticle tracking analysis system (Nanosight system, Malvern) as
shown in Figures 5-2. The concentration of 50-nm DLPC nanoliposomes were
measured as 46.30x10% particles/ml, 100-nm DLPC nanoliposomes were 10.07x10%
particles/ml whereas 150-nm DLPC nanoliposomes showed 26.69x10% particles/ml. In
addition, the mean size distribution of 50-nm, 100-nm, and 150-nm DLPC
nanoliposomes were measured as 50 nm, 143 nm, and 182 nm respectively. Later, an
average particle concentration of 1x10% particles/mL for each DLPC nanoliposomes
were prepared to study the adsorption behavior on PEG-modified PDMS microchannel

of uCE with the bypass channel at different temperature.
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Figure 5-2 Measured concentration of DLPC nanoliposomes in nanoparticle tracking

analysis system (Nanosight system, Malvern): (a) 50-nm, (b) 100-nm, and (c) 150-nm.
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5.3.2 DLPC nanoliposomes in PEG-coated PDMS microchannel at
room temperature

Figures 5-3 show the zeta potential of 50-nm, 100-nm, and 150-nm DLPC
nanoliposomes in the polyethylene-block-PEG coated PDMS microchannel of the
microcapillary chip with the bypass channel at room temperature. Here, DLPC
nanoliposomes show the average low zeta potential owing to the high ionic strength of
PBS solution as described in chapter 4. Figures 5-4 show the particle number in ROI for
50-nm, 100-nm, and 150-nm DLPC nanoliposomes in the polyethylene-block-PEG
coated PDMS microchannel of the microcapillary chip with the bypass channel at room
temperature. PEG-coating on the PDMS microchannel led to a neutral surface, and
hence, DLPC nanoliposomes display excluded volume effect as indicated by fairly

constant particle number in the ROI throughout the experiment.
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Figure 5-3 Zeta potential of DLPC nanoliposomes in polyethylene-block-PEG coated
PDMS microchannel of a pCE chip with the bypass channel at room temperature

measured by vesicle analyzer software: (a) 50-nm, (b) 100-nm, and (c) 150-nm.
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Figure 5-4 Particle number of DLPC nanoliposomes in ROI in polyethylene-block-PEG
coated PDMS microchannel of a uCE chip with the bypass channel at room temperature

measured by vesicle analyzer software: (a) 50-nm, (b) 100-nm, and (c) 150-nm.
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5.3.3 DLPC nanoliposomes in PEG-coated PDMS microchannel at
gradual increase in temperature

Figures 5-5 show the zeta potential of 50-nm, 100-nm, and 150-nm DLPC
nanoliposomes in the polyethylene-block-PEG coated PDMS microchannel of the
microcapillary chip with the bypass channel at gradual increase in temperature. Here,
initially DLPC nanoliposomes were kept at low temperature (3-4 °C) whereas
PEG-coated pCE chip with the bypass channel and vesicle analyzer at room temperature.
Hence, image acquisition of adsorption behavior of nanoliposomes were obtained in
gradual increase in temperature condition. Figures 5-6 show the particle number in ROI
for 50-nm, 100-nm, and 150-nm DLPC nanoliposomes in the polyethylene-block-PEG
coated PDMS microchannel of a pCE chip with the bypass channel at gradual increase
in temperature. As observed earlier, PEG-coated microchannel exhibit the excluded
volume effect with the nanoliposomes at room temperature, however, we observed a
gradual increase in the particle number in ROI for all the nanoliposomes signifying the
high adsorption coefficient and inefficiency of excluded volume effect for PEG at low

temperature.
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Figure 5-5 Zeta potential of DLPC nanoliposomes in polyethylene-block-PEG coated
PDMS microchannel of a pCE chip with the bypass channel at gradual increase in
temperature measured by vesicle analyzer software: (a) 50-nm, (b) 100-nm, and (c)

150-nm.
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5.4 Summary of this chapter

In this chapter, the overview of the effect of temperature on adsorption behavior of
nanoliposomes on polyethylene-block-PEG coated PDMS microchannel of pCE chip
with the bypass channel were introduced. DLPC nanoliposomes-filled chips were kept
at room and gradual increase in temperature condition, and their adsorption behavior
were observed using the laser dark-field imaging.

In section 5.2.1, the materials required for the preparation of 50-nm, 100-nm, and
150-nm neutral DLPC nanoliposomes, polymers to coat the PDMS microchannel of
LCE chip with the bypass channel were introduced.

In section 5.2.2, thin film hydration as the method of preparation of nanoliposomes
was described. Here, the lipid film with 4:1 molar ratio was deposited in vial by
evaporating the organic solvent, and subsequently, hydrated with PBS buffer before the
extrusion using the Avanti® mini-extruder to form 50-nm, 100-nm, and 150-nm DLPC
nanoliposomes.

In section 5.2.3, a neutral polyethylene-block-PEG polymer to coat the PDMS
microchannel of pCE chip with the bypass channel was introduced. Here, 100 mg/mL
concentration of the PEG solution for 4 h was chosen to coat the microchannel surface
as described in chapter 4.

In section 5.2.4, dark-field imaging and method of image acquisition of
nanoliposomes exhibitng the adsorption phenomena in coated microchannel were

described. With the total experiment time of 15 min, the image acquisition of the
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nanoliposomes-filled microchannel started from 4 min, with 1 min interval, after
solution introduction in the chip.

In section 5.3.1, avg. size, avg. zeta potential and concentration of nanoliposomes
were measured as a means of characterisation. The measured average size of 50-nm,
100-nm, and 150-nm DLPC liposomes were 69.42 nm, 108.9 nm, and 154.5 nm,
respectively. The measured zeta potential were -1.28 = 0.62 mV, -1.07 £ 0.34 mV, and
-0.94 + 030 mV, respectively. In addition, 46.30x10® particles/ml, 10.07x10%
particles/ml, and 26.69x103 particles/ml represent the concentration of 50-nm, 100-nm,
and 150-nm DLPC nanoliposomes measured by NTA system.

In section 5.3.2, zeta potential and particle number in ROI of 50-nm, 100-nm, and
150-nm DLPC nanoliposomes in polyethylene-block-PEG coated PDMS microchannel
of a uCE chip with the bypass channel at room temperature were introduced. All the
nanoliposomes showed the average low zeta potential owing to the high ionic strength
of PBS solution and displayed a fairly constant particle number in the ROI throughout
the experiment.

In section 5.3.3, zeta potential and particle number in ROI of 50-nm, 100-nm, and
150-nm DLPC nanoliposomes in polyethylene-block-PEG coated PDMS microchannel
of a WCE chip with the bypass channel at gradual increase in temperature were
introduced. Here, initially DLPC nanoliposomes were kept at low temperature (3-4 °C)
whereas PEG-coated pCE chip with the bypass channel and vesicle analyzer at room

temperature. We observed a gradual increase in the particle number in ROI for all the
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nanoliposomes suggesting the high adsorption coefficient and inefficiency of excluded

volume effect for PEG at low temperature.
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CHAPTER 6 General Summary

The present work is the study to develop an analysis platform for nanoparticles by
extending the potential applicability of the microcapillary electrophoresis chip. This
work facilitates the technological advancement in pCE chip with new design by adding
long-width bypass channel to balance the fluid level of two open-end reservoirs to
compensate the hydrostatic pressure flow in a microchannel, and thereby, enhancing the
accurate measurement of electrophoretic mobility and zeta potential of individual

nanoparticle.

Chapter 1 provided the general introduction about the nanoparticles and the
numerous characterization techniques with on-going R&D and future prospect. A new
characterization method using the microcapillary electrophoresis chip for extracellular
vesicles including the exosomes has been discussed. In addition, the detail overview of
the issues in the microcapillary electrophoresis chip, namely, hydrodynamic issue
arising due to the low fluid conductance of the microchannel, electrochemical or Joule
heating issue due to increase in the ion mobility, and adsorption issue due to negative
surface potential of PDMS-based microchannel; hindering the accurate measurement of
EPM of nanoparticle with the proposed research targets to solve the issues in the chip
were discussed. Finally, aim of this study, flow and structure of this thesis proposes to

develop an analytical method for nanoparticle characterization by incorporating the
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unresolved issues.

Chapter 2 provided the overview of simulation of fluid level adjustment for
air-water interface with laminar and phase field in uCE chip with the long-width bypass
channel. To simulate the two-phase interface, the appropriate model materials,
parameters, and boundary conditions were applied. The model equations such as
Navier-Stokes equation for the flow in the channel, electroosmotic velocity and the
electric field strength governing by Helmholtz-Smoluchowski, air-water interface
motion by Cahn-Hilliard equation and phase field, and contact angle by wetted wall
were coupled. Finally, the simulated results of the nCE chip with the bypass channel
showed the volume fraction of fluid and fluid velocity distribution at the applied electric
potential of 5 V depicting the presence of hydrostatic counter flow in the bypass channel
to compensate the unbalanced hydrostatic pressure. Hence, the above results provided
the assumption that addition of long-width bypass channel helps to compensate the

hydrostatic pressure flow in the microchannel.

Chapter 3 provided the experimental evaluation of the compensation of the
hydrostatic pressure and Joule heating in uCE chip with the bypass channel and the
obtained results were compared with that of the simulated. Firstly, pCE chip with and
without the bypass channel were fabricated and individual NPs measurement were

achieved by laser dark-field imaging in the microchannel. To verify the compensation of
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the hydrostatic pressure in chips, images of polystyrene NPs in the microchannel were
captured between 0 and 30 min, and at 1 min, 1-uL droplet of the NP suspension was
added. Surprisingly, in pCE chip without the bypass channel, we observed the
fluctuation of the fluid velocity over the balancing time resulting from the meniscus
instability at the fluid-wall interface called Saffman-Taylor-like meniscus instability.
However, in uCE chip with the bypass channel, only Brownian motion of NPs were
observed depicting the complete elimination of unstable hydrostatic pressure in the
microchannel. Secondly, current-Voltage (I-V) characteristics of the pCE chips with and
without the bypass channel were compared since the chips have the different
cross-sectional areas and use of solution with different conductivity. The obtained
results for measured current was 0.8—1.0 x 10? times higher in uCE chip with the bypass
channel. In addition, high electrical conductivity and ionic strength result in increase in
the measured current for phosphate buffered saline (PBS) with deviation from linearity
was observed over 10 V due to Joule heating. Lastly, EOF velocity of non-charged NPs
from the experimental result was matched with the simulated result and showed no
remarkable difference in EOF value in chips. Hence, the above result provided the

conclusion that addition of bypass channel has no effect on EOF value.

Chapter 4 provided the information about the adsorption behavior of neutral
1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), cationic

1,2-Di-O-octadecenyl-3-trimethylammonium  propane (DOTMA), and anionic
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L-a-phosphatidylserine (PS) nanoliposomes in presence of cationic polyethylenimine
(PEI) and neutral polyethylene-block-PEG polymer-coated PDMS microchannel of pCE
chip with the bypass channel. DLPC, DOTMA, and PS nanoliposomes were prepared
by thin film hydration method with 4:1, 1:1, and 5.55:0.45:4 molar ratios, respectively,
and extruded to 100 nm size. The polymer-coated PDMS microchannel were
characterized by non-charged nanoparticles. Firstly, the observed results for PDMS
microchannel without coating showed the hydrophobic and electrostatic interaction for
DLPC and DOTMA nanoliposomes, respectively, whereas PS nanoliposome showed
the electrostatic repulsion. Secondly, PDMS microchannel with PEI coating, DLPC and
DOTMA nanoliposomes showed the excluded volume effect and electrostatic repulsion,
respectively, whereas PS nanoliposome exhibited the electrostatic attraction. Finally,
with polyethylene-block-PEG coated PDMS microchannel, all the nanoliposomes
showed the excluded volume effect. Therefore, the above results provided the
conclusion that adsorption phenomena of the nanoliposomes on the microchannel
surface arose from hydrophobic and electrostatic interaction, and can be attenuated

based on electrostatic repulsion and the excluded volume effect.

Chapter 5 provided the overview of temperature dependent adsorption behavior of
50-nm, 100-nm, and 150-nm DLPC nanoliposomes on polyethylene-block-PEG coated
microchannel of nCE chip with the bypass channel in laser dark-field. The prepared

DLPC nanoliposomes were characterized for avg. size, avg. zeta potential, and
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concentration; and subjected to adsorption measurement at room and gradual increase in
temperature respectively. Firstly, nanoliposomes in chip at room temperature showed
the excluded volume effect with fairly constant particle number in ROI and low zeta
potential owing to the high ionic strength of PBS solution as expected. Later, adsorption
behavior of nanoliposomes in chip at gradual increase in temperature were observed,
and surprisingly, nanoliposomes showed the gradual increase in the particle number in
ROI due to high adsorption coefficient and inefficiency of excluded volume effect of
PEG at low temperature. Therefore, the above observed results provided the information
about the temperature dependent adsorption behavior of nanoliposomes on PEG-coated

surface.

We have successfully developed an analysis platform for nanoparticles by
extending the potential applicability of the microcapillary electrophoresis chip with new
design and improved the accuracy in electrophoretic measurement. This analytical
platform can augment the use and application of a microcapillary chip in the field of
materials engineering. The importance of this chip can be recognized as a fundamental
tool especially for the characterization of extracellular vesicles (EVs) including

exosomes, and application in the field of nanobiotechnology.

The future perspective of nanoparticle characterization depends on the development

of an analytical platform providing the range of nanoparticle properties within the single
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device. These properties, in general, can be divided into the multiparametric profiling of
nanoparticle, target surface marker and dynamic state profiling between the nanoparticle
and the biological membrane, etc. In addition, the future perspective with the
application of the microcapillary electrophoresis chip with the bypass channel is to
study the zeta potential and surface charge of nanoliposomes in presence of hydrolytic
enzyme in laser dark-field imaging. Since the zeta potential of nanoliposomes are
irrespective of their size and concentration, it would be an interesting study to
investigate whether the similar concentration of nanoliposomes demonstrate the similar
change in zeta potential in presence of same concentration of hydrolytic enzyme in pCE

chip with the bypass channel.
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