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Abstract

A novel channel-free microfluidic chromatography system with a rotating plate
was developed and successfully used for the shear driven circulation and separation
of analytes. The method “channel-free shear driven circular liquid chromatography”
combines the benefits of both shear driven chromatography and the cyclical
separation approach.

Two shear driven rotating microfluidic setups were designed and optimized to
investigate the rotating microfluidic flow behavior. One setup was explored to
validate shear driven circular liquid chromatography without the need for channels.
This cyclical approach potentially offers an infinite path length and does not involve
the complications of micro- or nanofabrication. Variable theoretical plate numbers
can be achieved by merely changing the number of cycles in the separation process.
To demonstrate the technique two model fluorescent analytes rhodamine B and
fluorescein were separated, and during the separation process the theoretical plate
number exceeded 1000. Fast Fourier transform was utilized to convert the periodic
fluorescent signals into frequency information for individual analytes especially in
rotating system. This system and methodology can be further optimized, with higher
plate number separations readily anticipated.

Another setup was fabricated to integrate automated hydrodynamic injection
system without channels by taking advantage of molecular diffusion equilibrium in a

microfluidic flow.

The channel-free microfluidic cyclical separation system has clear superiority
over current liquid chromatography techniques and has potential applications in high

efficiency liquid chromatography for life science.



Zusammenfassung

Ein neuartiges mikrofluidisches kanalfreies Chromatographie-System mit einer
rotierenden Platte wurde entwickelt und erfolgreich eingesetzt fur die Scherkraft-
getriebene Bewegung und Trennung von Analyten. Die Methode der kanalfreien und
kreisformigen Scherkraft-getriebene Flissigkeits-Chromatographie verbindet die
Vorteile der Shear-driven-Chromatographie und der zyklischen Trennung.

Zwei Scherkraft-getriebene rotierende mikrofluidische Plattformen wurden
entwickelt. Dabei lag der Fokus auf der Optimierung des rotierenden
mikrofluidischen FlieRverhaltens. Ein entwickeltes Setup diente zur Analyse von der
kreisformigen Sherkraft-getriebene Flissigkeits-Chromatographie, wobei auf die
Notwendigkeit von Kanélen verzichtet wurde. Dieser zyklische Ansatz bietet das
Potenzial unendliche Weglédngen anzuwenden. Weitere Vorteile liegen in der
gunstigen Herstellung des Chips und dem Wegfall von Komplikationen bei der
Mikro- oder Nanofabrikation. Verdnderliche theoretische Trennstufenzahl kdnnen
erreicht werden, indem die Anzahl der Zyklen wahrend der Trennung erhoht wird.
Zur Demonstration der Technik wurden zwei fluoreszierende Modellanalyten
getrennt mit einer Trennstufenzahl groBer 1000. FFT wurde verwendet, um die
Informationen der regelméfiigen fluoreszierenden Signale des rotierenden Systems in
Form von Frequenz fir die einzelnen Analysen zu nutzen. Die Einfachheit des
Systems und der Methode kdnnen weiter mit Verbesserung der Trennstufenzahl

optimiert werden.

Ein weiteres Setup wurde hergestellt, um eine automatisierte hydrodynamische
Injektionsmethode ohne Kanéle anzuwenden. Dies bringt die Vorteile des

molekularen Diffusions-Gleichgewichts bei einer mikrofluidischen Stromung.

Das kanalfreie mikrofluidischen zyklische Trennsystem ist den derzeit
Flussigkeits-Chromatographie-Techniken klar tberlegen. Die viel versprechende
Anwendung hat einen hohen Wirkungsgrad und verbessert die Effizienz der

Flussigkeits-Chromatographie im Bereich der Life Science.
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CHAPTER ONE: INTRODUCTION

Analytical technique plays an important role in the development of science
world. Given a cursory glance at the Nobel prizes in the last centuries, more than 50
topics are closely related to the analytical techniques, such as mass spectrometry,
electron microscopy, chromatography, electrophoresis, nuclear magnetic resonance

spectroscopy and so on.

Miniaturization is a technique to scale down the devices for user feasibility
without losing the functionality. The applications of miniaturization can be traced
back to decades ago, in electronics such as semiconductor devices and integrated
circuit chips. The smaller mobile phones with more functions integrated and digital
cameras with higher number of pixels are developed all owe to this technique.
Besides daily life usage, miniaturized devices are also successfully used in molecular
level analysis in life sciences and pharmacology. For example, DNA analysis using

Polymerase Chain Reaction (PCR) chips are shown in figure 1.1 (A).

Nowadays, miniaturization is becoming a trend in analytical science. Thorough
understanding of microfluidic fundamentals is developed and theories are established
in order to build up application models directly or indirectly. And the intrinsic
properties of fluid are utilized in miniaturization owe to these studies. As a landmark,
the new concept Miniaturized Total Analysis Systems (U-TAS) was introduced in
1990, and many applications are developed based on this concept. For example, the
miniaturized Liquid Chromatography (LC) devices named “chip-based LC” and

“bioanalyzers” developed by Agilent Technologies® are shown in figure 1.1 (B) and

! http://www.chem.agilent.com/scripts/PHome.asp
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(D). Microfluidic chips with dynamic mixing and other functions shown in figure 1.1
(C) are developed by Micronit Microfluidic BV?.

Figure 1.1: Miniaturized devices undertake various applications in analytical sciences, for example,
(A) microfluidic PCR, (B) chip-based LC, (C) micromixer, and (D) bioanalyzers.

Separation method is predominant in analytical sciences. High Performance
Liquid Chromatography (HPLC) and Capillary Electrophoresis (CE) are today’s most
widely used separation methods. In the commercial HPLC, the theoretical plate
number is restricted to about 10° due to the critical pressure and the particle size.
Those factors also determine the diffusional effects and heat transport in the packed
column. Miniaturized open tubular liquid chromatography with proper detection
methods can achieve higher theoretical plate numbers up to around 10%. In electric
driven systems such as capillary electrochromatography, the theoretical plate number
is limited by the Joule heating effect and the electrophoretic mobility. These
parameters are dependent on the electric voltage applied.

2 http://www.micronit.com/en/home.php



Chapter 1. Introduction

In order to overcome pressure limitation in liquid chromatography and voltage
limitation in electrochromatography, two possibilities are considered. One method is
based on shear driven flow by taking advantage of the intrinsic fluid viscosity. In a
channel with the same width, the mean velocity of the mobile phase is higher in a
shear driven flow in comparison with a pressure driven flow. While the pressure
driven flow profile is parabolic, and the shear driven flow is linear. The shear driven
linear chromatography has been studied since 1999%). The other proposed method is
the cyclic analytical method, which was firstly supposed by Martin in 1957 for Gas
Chromatography (GC). In his description, two short columns were connected one
after another to form a cyclic column instead of using one single long column. Later
on, an improved method with no discontinuity along the column increased the
separation efficiency by recycling the analytes coming out of a separation column.
This method was reported with the name circular chromatography[sl. With this
method, high theoretical plate numbers can be achieved and the analysis time is

supposed to be reduced.

Shear Driven Circular Chromatography (SDCC) is a combination of both shear
driven chromatography and circular chromatography. It is introduced to the
microfluidic field as a method to realize liquid chromatography in a circular approach.
The ultimate purpose is to integrate SDCC as a separation platform into p-TAS and
eventually increase the overall separation efficiency. SDCC is aimed at overcoming
the limitation of separation column length in traditional analysis conceptions and is

expected to achieve higher theoretical plate numbers.

The validation of SDCC was accomplished in this study. A new rotating
microfluidic system was built up and the analytes were successfully separated.
Instead of using a silica gel packed column or a fabricated micro-channel, the
separation procedure was realized with a novel channel-free system based on flat

glass plates.
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Thesis Outline

This thesis is divided into four chapters according to their contents.

Chapter two briefly introduces the theoretical background of SDCC. This
chapter is comprised of basic concepts and current development of u-TAS, SDCC
fluid dynamics, and the heuristic process of miniaturized chromatography techniques.

Chapter three describes the setups of a shear driven rotating microfluidic
platform, which can be used for chromatographic applications; and the optimization

of the microfluidic platforms is also discussed.

Chapter four focuses on the chromatographic experiments and data analysis
based on the system built up in chapter three. The validation of channel-free SDCC is

accomplished and two fluorescent components are successfully separated.

Chapter five gives a brief introduction of the automated injection methods which
can be integrated with the rotating microfluidic platform to quantify the

chromatographic methods described in chapter four.



CHAPTER TWO: MICRO TOTAL ANALYSIS
SYSTEMS AND SHEAR DRIVEN CIRCULAR
CHROMATOGRAPHY

2.1  Micro Total Analysis Systems

Since the last decades, a new concept which was concerned with the
miniaturization of chemical or biological analysis systems has emerged in the
analytical science. This concept is also known as p-TAS or lab on a chip which is

based on the Micro-Electro-Mechanical System (MEMS).

u-TAS is used to describe the miniaturized analytical processes, which
integrate different analytical units including sample injection, separation module
and detector parts. For some miniaturized biochemical usages or drug discoveries,
the system consists of even more individual steps such as sampling, sample
pre-concentration, filtering, mixing, isolation and analysis. All these steps can be
realized in a microfluidic chip or in a biochip, which is a platform for non-fluidic

arrays.

Figure 2.1 shows how the macroscopic reaction system can be sorted and
transferred into smaller units. This is the precondition for the following processes
such as serial processing and analysis. After miniaturized, the reaction space and

sample quantities can be greatly reduced.

u-TAS has many advantages compared with macroscopic analysis systems
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owing to the scaling down of size. Such advantages include:

e  sizes of the analysis devices are reduced and less space is needed,
e the analysis devices are more integrated and easier to handle,
e the consumption of samples and reagents are reduced, and

e the analytical efficiency is increased.

Macroscopic reaction Miniaturization Serial (downstream) Parallelization
system filled with two processing
compounds
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Figure 2.1: Tllustration of scaling laws showing the size of both macroscopic and miniaturized
reaction systems, the serial processing and analysis can be realized after

(6]

miniaturization in u-TAS".

In the 1990°s, u-TAS has been firstly applied in separation techniques such as
miniaturized liquid chromatography and capillary electrophoresist’”’ to increase
their separation efficiency. The efficiency increases for LC is because that the
miniaturized chromatography columns have minimized the heat and mass transfer
in the macroscopic analysis system. The miniaturized CE with micro-channels has
better resolution with extremely short channel length and relatively low voltage.
These two well developed separation techniques have opened up the application
markets according to the specialties of u-TAS. Some examples of the applications
are shown in figure 2.2. For example, in the clinical diagnostic analysis, a
temperature-controllable electrophoresis chip was developed to separate lactate

dehydrogenised isoform™; in the protein analysis, seven fluorescent marked



Chapter 2. Micro Total Analysis Systems and Shear Driven Circular Chromatography

proteins were successfully separated in 2.5 s in a free-flow isoelectric focusing
microfluidic device, which produced a linear pH gradient from pH 2.5 to pH 11.5
(figure 2.2 (A)). Some combined separation methods are much more efficient than
single-function methods. For example, a technique named gradient elution moving
boundary electrophoresis combined the electrophoretic immigration of the
chemical components with the hydrodynamic bulk counter flow of the solution in
the micro-channels (figure 2.2 (B)). Temperature gradient focusing was integrated
with field amplified continuous injection to achieve an enrichment more than

1000 fold for the analyte separations”.

u-TAS touched on a large variety of applications in chemical and biological
industry as well. The commercial HPLC-Chip was developed by Agilent Labs[10]
from the prototype shown in figure 2.2 (C). It has a nano-electrospray interface
connected to a mass spectrometer and an analytical LC column with the

appropriate column length according to the flow rate of the nano-electrospray.

Figure 2.2: Recently developed applications of miniaturized separation systems, (A) a fabricated

[11], (B) a micro gradient elution moving

micro free-flow isoelectric focusing chip
boundary electrophoresis chip[lz], and (C) The early HPLC-Chip prototype developed

at Agilent Labs!"!,
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The detection system is also an important part due to the low concentration
and small output amount in pu-TAS. So the pre-concentration step was sometimes
added before the detection step to enhance the sensitivity of the detection.
Different kinds of detection methods such as optical, electrochemical or mass
spectrometry systems based on the properties of the analytes are applied. Some
new methods such as plasma detectors based on electrochemical technique and
ion traps used in mass spectrometry!'¥ were discussed to optimize the detection

systems.

All these microchips are fabricated on special substrates according to their

functions.
2.1.1 Materials and Fabrication

Historically, silicon was commonly used as the substrate material to fabricate
microfluidic systems[ls]. Then quartz, glass and polymers took over'® due to their
insulating electrical properties and better fabrication feasibility. Now some
materials such as Polymethylmethacrylate (PMMA) and Polydimethylsiloxane
(PDMS) became popular in the investigation of single-using microchips because
of their high chemical stability, good optical transparency, and various fabrication
advantages. PDMS has compatibility with many organic solutions!' ") hence
the disadvantage of PDMS lies in taking the risk of being dissolved by some
strong organic solvents such as chloroform. The solvent molecules can penetrate

into PDMS substrate and lead to unknown leakage of analytes and solvents.

The choice of materials depends on the experiment requirements. Normally

the following aspects are considered with experiences.
e the economical factors such as low-cost in a pure form,
e physical properties such as hardness and optical transparency,

e surface properties for chip bonding to other substrate,
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e thermal and electrical properties,
e stability to chemical and biological reagents, and
e mechanical feasibility and applicability

Fabrication techniques are chosen according to substrate materials. Some well
developed fabrication techniques, such as Lithographie Galvanoformung
Abformung (LIGA), electro discharge machining, surface silicon micromachining,
bulk silicon micromachining and self-assembly for submicron-size objects have
been applied to chip fabrication. For PDMS substrate, templates based on daily
life available materials®™ were modified and embedded in the chip fabrication.
These methods can make the micro-devices considerably inexpensive. Recently,
paper-based microfluidic chip was fabricated to cut the price into 3 cents per

chipt?".

In the fabricated microchips, liquid flows obey the microfluid dynamics
because of their small spaces. The microfluidic properties of fluid theoretically
explain the flow behaviors in the microchips, and provide theoretical support for

potential applications.
2.1.2 Microfluidic Properties

The concept microfluidics refers to any kind of theoretical and experimental
study for liquid streams generated in micro-sized spaces. The typical dimension
for u-TAS devices is in the micrometer range. This small size has greatly
increased the ratio of surface area to volume of the fluid, and induced special
phenomena related to the surface characteristics™. Such phenomena include
surface tension effects, capillary effects, diffusion effects, fast heating conduction
effects and laminar flow effects. These characteristics can be explained by the

microfluid dynamics.

According to the microfluid dynamics, the macro state variables (e.g., density
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and temperature) do not change obviously over the length and time scales, when
compared with the micro state variables such as molecular free path and molecular
relaxation time. In microfluidic flows, the boundary condition controls the entire
flow field and the flow profile is determined by the boundary condition. This
simplifies the bulk fluid characteristics analysis such as temperature and

concentration into only boundary condition analysis.

Microfluidic systems are often multi-physical systems governed by different
forces. For example, pressure difference was used to drive liquid to flow through a
channel; and at the same time, electric field was introduced to separate particles
suspended in the liquid. The relevant physical properties change with the length
scale L (m) of the microfluidic system. Table 2.1 shows the scaling relationship of
some physical properties with the length scale L, when the velocity is a constant in
all the cases'™). Compared with pressure driven flows and gravity driven flows,
shear driven flow has the simplest scaling dependence with L, which is in linear
correlation. This property can be utilized to drive microfluidic flow more

effectively, which is discussed in section 2.2.2.

Table 2.1: Dependence of physical properties with the length scale L in microfluidic systems,

shear driven flow has the simplest scaling dependence with L.

Physical Relevance Scaling Comment
properties dependence

Viscosity Flow with shear forces L For low
Pressure Pressure driven flow L’ Reynolds
Gravity Dense flow or fluid mixtures with significant | L’ numbers

differences in density

Surface tension Flow of immiscible fluids L

Electrostatic Electrostatic single phase fluid flows L2

force

Magnetostatic Magnetostatic single phase fluid usually with | L* Fixed current
force Lorentz forces in electric current flow density

10
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Surface tension is the predominant force in multiphase microfluidic flows.
Compared with electrostatic force and magnetostatic force in single phase fluids
listed in table 2.1, surface tension has more effective driving influence on

microfluidic flows.

The Reynolds number Re is always used to describe the flow condition of the

fluid. Microfluidic systems have Reynolds numbers smaller than 1000 according

to equation 2.1%%, where p (kg/m’) is the fluid density, u (m/s) is the mean flow

kg
m-s

velocity and y( jis the dynamic viscosity of the fluid. The characteristic

length scale [ (m), which is often in the order of 100 pum, can also be the

diameter of micro-channel if the channel is in round shape.

Re="£ (21
Y7

Laminar flow occurs when Re < 2000, so the microfluidic flow is normally
regarded as laminar flow due to the small Re. The laminar characteristic of
microfluidic flow has a big impact on designing and manufacturing the

microfluidic systems.

Compared with the convection flow occurs in pipes, fluids flowing in
micro-channels only have the free diffusion effects due to the concentration
gradient. Thus the diffusion coefficient D (m’/s) is an important parameter in

microfluid dynamics.

The simplified model for diffusion in microfluidic flow is the steady-state
diffusion, where the time is so short that the concentration within the diffusion
volume does not change with respect to time. D is defined by the velocity of
diffusing particles, which depends on temperature, viscosity of the fluid and the
particles size. In aqueous solutions, the diffusion coefficients of ions are in the

range of 0.6~2x10" m?/s and the value of biological molecules normally range in

11
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10" ~10"" m?/s. Taking the one-dimension steady-state diffusion as an example,

the diffusion coefficient D can be defined by Fick’s first law!®! (equation 2.2). J

2

[’nozjisthe(ﬁﬂhﬁon flux in the diffusing volume, and C (mol/m’) is the
m -Ss

concentration in the position x (m).

7=-0% 2
ox

The microfluid dynamics in different microfluidic systems have different
properties besides the common characteristics discussed above. Taking rotating
microfluidic system as an example, the driving forces applied and the applications
are especially discussed in the next section because of their importance in the

research.

2.2  Potential Driving Forces in Shear Driven Circular

Chromatography

Table 2.2 compares four important driving forces in microfluidic system.
Hydrodynamic methods such as pressure driven, surface tension driven, shear
force driven and centrifugal force driven were used for chromatography
separations. Electrokinetically driven flows such as electroosmotic flow,
electrocapillary flow, and electrohydrodynamic flow were all based on electric

field.

In rotating microfluidic systems, centrifugal force and shear force are the two

most important driving forces in the fluid dynamics.

12
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Table 2.2: Comparison of microfluidic driving forces

[26]

Comparison Valve Influenced | Power source | Materials | Flow rate
by
Centrifuge Only for Density and | Rotary motor | Plastics From < 1 nL-s”
liquids viscosity to
> 100 u I's”
Pressure For both Generic Pump, Plastics Very wide range
liquids mechanical (from < nL-s" to
and vapor roller Ls™)
Acoustic None Generic Electric field Piezo-elec | 20 ul-s™
(5-40V) trics
Electrokinetic | Only for | pH, ionic , Glass, 0.001-1 uL-s™
liquids strength Electric field plastics
(10kV)

2.2.1  Centrifugal Force

The commonly mentioned rotating microfluidic system is centrifugal force
driven microfluidic system. This kind of rotating system requires no internal
driving parts. The fluid propulsion from in to out is achieved solely by rotation of

the disc.

Applying centrifugal force in p-TAS has brought in a new technique named
lab-on-a-CD (compact disk)*"\. To control the flow from spreading over the whole
fluidic platform, channels and reservoirs were modified in a CD-like plastic
substrate to complete centrifugation. The flow profile in centrifuge channels was
laminar flow defined by small Reynolds numbers (< 100) and the mixing was

carried out by pure molecular diffusion.

The recently reported applications based on lab-on-a-CD have accomplished
more complicated functional tasks. For example, hydrophobic valves for discrete
sample volumes controlling in nL range®®!, capillary valves aligned sequentially

to detect ions optically as shown in figure 2.3 (A); packed chromatographic
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column for separating proteins (Quick Spin™™ protein desalting column by Roche
Diagnostics Corp, Indianapolis, IN)', and platform integrated for various biological
functions such as cultivation and gene expression studies are shown in figure 2.3

(B). Nowadays, bio-CD used in the life sciences are reported as a new application

field*"),
w
Sample
Wash
solution 2
Calibrant 2
Wash
Calibrant 1 solution 1
Waste
Detection
chamber /

Figure 2.3: Schematic illustrations of the micro-structures for lab on a CD technique, which is
based on the centrifugal force. (A) Capillary valves for the ion selective optodeBO],
which can be opened when rotation starts, and (B) cultivation system fabricated in two

layers[3 ! ].

Besides lab-on-a-CD, micro centrifugal chamber fabricated for size exclusion
purpose based on dynamic momentum change in microfluidic channels was

reported recently!®?),

In the shear driven circular chromatography experiment, the centrifugal force
should be diminished. Because the centrifugal force will drive the sample out of

the circular track, hence the sample is out of the detection region. Another force

! https://www.roche-applied-science.com
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which is demanded in the experiment is the shear force.
2.2.2  Shear Force

Shear driven flows usually take place in micro-motors, comb mechanisms,
and micro-bearings. For example, the flow between the stationary and mobile
arms of a comb-drive mechanism is typical shear driven micro flow™". The
simplest form is linear Couette flow (figure 2.4 (B)), which can be used as a
prototype flow to represent fluid flows driven by a moving plate. The boundary
condition at solid-liquid interfaces in micro-channels is taken as non-slip
condition, which means that the velocity extrapolates to be zero in a certain
distance behind the solid-liquid interface. The higher the driving rate is; the longer
the non-slip distance will be. And the boundary slip length is longer on
hydrophobic surfaces because the repulsion force between the liquid and the solid

surface is stronger than that on hydrophilic surfaces.
Moving plate
—»

= T p

Stationary plate Stationary plate
(A) (B)

Figure 2.4: Flow profiles represent the fluid dynamics of (A) pressure driven flow, and (B) shear
driven flow. The shear driven flow is simplified in to linear Couette flow with linear

velocity profile.

Compared with pressure driven flow in the channel with the width of 4 in y
dimension, shear driven flow has a longer mean radial distance where the sample
species travel through. This is due to the bigger mean velocity of the fluid. In
pressure driven flow, the velocity gradient is represented in figure 2.4 (A) and the
flow profile is parabolic while shear driven flow has a linear flow profile (figure

2.4 (B)). Another difference between the two flows is the capacity of achievable
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theoretical plate numbers in the chromatographic aspect. Due to the fact that the
driving force for the open-tubular pressure driven flow is the pressure difference
between both ends of the liquid stream, the channel length and the channel width
are restricted by the Poiseuille’s law!®!. But in shear driven liquid chromatography,
the channel length and width have more freedom to achieve higher theoretical

plate numbers.

Shear force was introduced into microfluidic devices by Luo et al to study

34351 Shear force was also

droplets dispersion behaviors in two phase flow!
applied as a pumping force in the open or closed micro- and nano-fluidic systems
to drive immiscible fluid layers to flow. Dietrich et al used oil covering
water-filled micro-channels to simulate and prove the shear driven pump[36]. Other
applications of shear force were reported to assist quantitative analysis of cell

[37

adhesion”®”! and intracellular loading of cells with molecules”® in microfluidic

devices in life sciences.

Besides the dynamic properties brought by rotating shear force, in the shear
driven circular liquid chromatography experiment, another important
chromatographic property comes from the cyclic liquid chromatography method,
which combines the benefits of miniaturized liquid chromatography and cyclic

separation methods.

2.3 Cyclic Liquid Chromatography

2.3.1 Miniaturized Liquid Chromatography

The International Union of Pure and Applied Chemistry (IUPAC) P! stated
that “Chromatography is a physical method of separation in which the

components to be separated are distributed between two phases, one of which is
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stationary phase while the other moves in a definite direction”.

In chromatography, the simplified separation behavior for two components is
recorded in figure 2.5, and the separation ability of a stationary phase is defined
by selectivity a (a.k.a separation factor). The selectivity a should be more than 1 if
separation occurs efficiently. In the separation system for two components, this

factor a is calculated by equation 2.3.

a= m=h (33

I — Ly
The dead time ¢, (s) is the time needed for a non-retention compound to be

eluted from injection point to detection point. The dead time ¢, depends heavily

on the stationary phase geometry and the mobile phase velocity. ?,,, ., (s) are

the retention times for the two components are eluted out.

tR’A

intensity

t

Figure 2.5: Chromatogram of two components. t, is dead time, trs and tzp are retention time of the

two components.

In liquid chromatography, the separation always takes place in a column. The
separation efficiency of the column is defined by the theoretical plate number N
(equation 2.4), which represents the succession of equilibrium steps. More steps in

the column indicates the bigger separation efficiency with smaller band
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broadening. In equation 2.4, tz and wj, (s) are the retention time and the base width
of the peak. If there are N equilibrium steps in a column of length L (cm), then the
Height Equivalent to a Theoretical Plate (HETP) H (cm) is defined by: H=L / N,
which is also used to describe the separation efficiency. N can also be represented

with the peak height of a Gaussian peak and the width as a function of standard

deviation ¢ (figure 2.6).
p 2
N = 16(—Rj (2.4)
Wp
RS A
T\
1
z, f
‘®
s
4
£

- - P
w, =43

Figure 2.6: Representation of theoretical plate number N in chromatography. N is defined by the

retention time ty and the standard deviation J.

Small non-porous particles (®~1 um) were packed into the separation

column (i.d. 5-10 um)[40]

in the prototype of miniaturized LC. The mechanical
sealing problems occurred due to high pressure and the retention factors depended
on the pressure change. Furthermore, the diffusion of component molecules and
the mobile phase flow pathways in the stationary phase were affected by the flow

velocity and column length, which were both determined by pressure. Hence, the

theoretical plate numbers were restricted to be around 10°1*!).
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The further developed method such as chip-based LC*?! was based on the
standard particle-packing material and high pressure nano-pump. This technique
integrated the pre-concentration column, separation column, capillary connector
and electrospray emitter. The chip-based LC has been successfully applied to
separate complex peptides mixtures, biomarkers, nucleolar proteomes and

M1 Same as traditional LC, the theoretical plate

oligosaccharide samples'*
numbers are restricted by the critical pressure and the particle size because the

diffusion effect and heat transport are highly pressure dependent.
2.3.2 Cyclic Separation Method

Cyclic separation method is ideal to achieve potentially infinite separation
length in chromatography. This approach can also be used to isolate certain
components and carry out continuous detection. The cyclic method was firstly
introduced in GC™ as circular chromatography and has been used in CE for
decades*"*7). From the electrophoretron[48] (figure 2.7 (A)) to the Synchronized
Cyclic Capillary Electrophoresis (SCCE) as shown in figure 2.7 (B) and (C), the
arranged capillaries increased from two to a number of polygon sides connected to

form a closed loop.

EOF

[———=1
—

EP
Gnd +U

EOF out

(A) (B) (C)
Figure 2.7: Schematic representation of (A) electrophoretron realized by two capillary channels
with opposite surface charge, (B) SCCE with three capillaries to form a triangle to
generate circular electric field, and (C) SCCE comprises a square geometry with easy

voltage switching.
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In SCCE, three or four capillaries were connected to form a triangle or square
shape in a circular way (figure 2.7 (B) and (C)). With switchable voltage
application, the analytes traveled with increasing number of cycles to achieve the
same effects as that with high voltage, while the relatively low voltage applied

accumulated with the cycles.

However, the side effects occurred with the polygon sides. They had
enormous influence on the peak capacity and theoretical plate numbers because of

[#L] The theoretical plate numbers

the dispersion of the analytes in the corners
were limited to 10,000 per cycle due to decreased peak capacity, the Joule heating
effect and the electroosmotic mobility. They were all dependent on the electric

field applied.

With a combination of cyclic liquid chromatography and shear driven flow,
shear driven circular chromatography is theoretically strong supported. The

motivation and precursory research are introduced in the following section.

2.4  Shear Driven Circular Chromatography

In order to overcome pressure limitations in LC and voltage limitations in
electrochromatography, shear force driven flow was developed by taking
advantage of the intrinsic fluid viscosity. The shear driven flow was supposed to
generate the moving mobile phase between two flat plates. Desmet group has
developed a linear method since 1999 as shown in figure 2.8 and this system was

compared with HPLC both theoretically™ and experimentally.

The shear driven chromatography (SDC) was carried out in linear
microfluidic channel which was about 300 nm deep. The stationary phase was
reverse phase material such as alkanesilanes. The material was coated on the

silica wafer or glass and the mobile phase was methanol and water mixtures.
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With this method, fluorescein isothiocyanate-labeled angiotensins!™?!

were
successfully separated. The detection limit was greatly enhanced™ when the
separation of four different coumarin dyes was reported one year later. The

theoretical plate number was 2000—7000.

holding plate

Figure 2.8: Assembled SDC device with silicon wafer on top and the metal holder beneath, where

the SDC channel with an array of separated parallel channels were fabricated” ).

In order to obtain higher separation efficiency, shear driven circular
chromatography (SDCC) was developed on the basis of shear driven linear
chromatography. In SDCC, the linear channel was replaced by a circular channel,
which has no input and output ends on both sides. SDCC proposes a way to
achieve variable theoretical plate numbers, even to an infinite value, only by

changing the number of cycles in the separation procedure (figure 2.9).

[54]

Previous SDCC setup*”™ as shown in figure 2.10 demonstrates a prototype of

SDCC with micro-channels.
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Figure 2.9: Schematic diagram of shear driven circular chromatography, (A) separation

procedures of two components, and (B) signals according to the rotation steps.

PMMA, injection block

shear driven flow

chip rotated by
rotatory motpr:**

-

Tyl -"g‘l'ass chip
: . : with coated channel

dssassassas Bssmasesnasnnas

ction flow

LA L L R LY T e

Figure 2.10: Schematic representation of device assembly and injection system*. The bottom
glass plate contains a 15 um deep channel etched on glass with an injection channel
across. The top PMMA stationary bar remains fixed during the rotation of the
bottom plate. The PMMA block also has a circular channel to hold the shear driven
flow if the bottom channel is coated with too much stationary phase and even gets

blocked.
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In this system, the experiment was carried out in a 2 mm wide, 15 um deep,
donut-shaped channel fabricated on glass substrate. The mobile phase flowed with
the speed of 1.423 mm-s™. The reverse stationary phase C18 was polymerized and
coated in the channel. This work proved that the shear driven fluid had exactly
half the velocity of the moving plate, when the channel width was much greater

than the channel depth.

However, there were many problems accompanying with this system. The
existence of micro-channel added obstacle in stationary phase coating. It was very
difficult to coat C18 in the channel precisely while still maintaining the
homogeneity. Since the channel depth (15 pum) was much larger than that of the
linear chips fabricated by Desmet’s group, and the shear driven force was too
weak to drive the sample to move in the channel. When the channel depth was
comparable shallow, the freely rotating plate and the channel formed a half-open
system. The unknown leakage out of the channel due to diffusion and centrifugal
force was difficult to control. The channel wall couldn’t avoid the sample leakage
out of the channel, because there were gaps between the fixed glass plate and the
rotating one. The thickness of the gap changed with the pressure added on top of

the PMMA stationary bar.

We supposed that these problems can be reduced by carrying out experiment

with two flat planar glass surfaces without any channel.

2.5  Summary

This chapter gives an overview of the theoretical basis and development of

the SDCC method. The aim of u-TAS is to serve analytical sciences in demanding

[55 ]

fields, such as medical and clinical diagnosis®” and single cell analysis®®.

However, as the fundamental prototype of microfluidic chips, further development
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is necessary for the ultimate purpose to realize portable analytical instruments for
daily use such as diagnosis whenever and wherever they are needed. As a novel
miniaturized separation method, SDCC is conceived to realize controllable

theoretical plate numbers and improve the separation efficiency.
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CHAPTER THREE: A SHEAR DRIVEN ROTATING
MICROFLUIDIC SYSTEM

3.1 Establishment of Setups

3.1.1 Choice of Materials

The choice of materials concerns many aspects including their physical and
chemical properties that have been discussed in section 2.1.1. Here, table 3.1
summarizes the advantages and disadvantages related to our research. Since the
rotating movement of the shear driven microfluidic platform is produced by a
mechanical rotating motor, the mechanical hardness and stability should be
considered in choosing material. Soda lime glass is chosen because it is the cheapest
material with enough mechanical hardness to be fabricated among all the available

materials, and it can best fulfill the experiment requirements.

Table 3.1: Comparison of possible materials in our experiment, glass was chosen because of its

feasibility and physical properties.

Materials | Fabrication Technique Advantages Disadvantages
Silicon Standard photolithography and | High mechanical stability Optically non-
wet-echting transparent, expensive
Glass Standard photolithography and | High mechanical stability, | Time-consuming
wet-echting optically transparent, fabrication and surface
coating, expensive
PDMS In-situ reaction molding®” Optically transparent, Flexible, inefficient
cheap, easy fabrication surface coating
PMMA Injection molding”® or LIGA Optically transparent, Time-consuming
cheap fabrication, impossible
surface coating
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Two different geometrical types of soda lime glass plates are used in this
experiment. One is glass plate in square shape with the size of 76 mm x 76 mm
(Nanofilm, Westlake Village, CA, USA), and the other one is in round shape with the
diameter of 50 mm (Edmund Industrial Optics, Barrington, USA).

3.1.2 General Experimental Setup

Two different mechanical setups were designed to build up rotating models for
the shear driven microfluidic system. Both setups consist of stationary stage, rotatory
stepping motor and microscope system (figure 3.1). The rotating momentum, which
drove the microfluid flow in a circular way solely by shear force, was brought by the

rotatory motor. The structure drafts of both designs are shown in section A.2.

- rotatory

stationar S _
stage Wit)tg “motor with
'round glass
square glas gd
microscopei ™ ] R : PC

mercury lamp

PMT controller

Figure 3.1: Schematic presentation of the experimental setup to represent shear driven rotating

microfluidic environment.
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In both designs, the microscope and detection system are the same; only the
rotatory motors are different. The microscope system is composed of a Nikon
ECLIPSE TE 300/200 Inverted Microscope with the TE-FM Epi-Fluorescence
attachment (Nikon Corporation, Tokyo, Japan), a blue excitation filter block B-2A
(Nikon Corporation, Tokyo, Japan) with the excitation filter at 450-490 nm, and a C-
SHGI super high pressure mercury lamp power supply with HBO 103 W/2 Mercury
Short-Arc Lamp (Osram GmbH, Germany). The detection system has two detectors,
one is CAIRN integrating photomultiplier controller with a Photomultiplier Tube
(PMT) (Cairn. Research Ltd., Faversham, UK), and the other one is SONY XC-999P
Charge Coupled Device (CCD) color video camera module (Sony Corporation,
Japan). The rotatory motor for design A is a homemade motor and for design B is a
stepping motor named PI M-062.PD Rotation Stage including power supply' (Physik
Instrumente (PT) GmbH & Co. KG, Karlsruhe, Germany).

In both cases a liquid film was sandwiched between two flat glass plates. The
square glass plate was laid beneath the round glass wafer, which was rotated by the

rotatory motor.

Design A (figure 3.2) differs with design B (figure 3.4) in their rotating
microfluidic conditions. For design A, the upper glass plate was fixed to the glass
holder of the homemade rotatory motor by a vacuum pump. Both glass plates were
fixed. Hence, the cover glass was relatively rigid to the plate underneath; and can’t
tune its position according to the bottom glass plate. When the surface of the glass
holder was not precisely parallel to the stationary stage, the upper glass plate was
correspondingly not strictly parallel to the bottom glass plate. The scratches on the
bottom glass plate appeared after several rotation cycles (figure 3.3 (A)). More details
are described in section A.l. The bottom glass plate was mechanically polished and
the thickness of the liquid film in between changed with time during the rotation
process. This unstable rotation condition led to unknown turbulence in microfluidic

system.

1 .
WWW.pL.WSs
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.

- Vacuum pump

-

A / Rotatory motor

/
Stationary stage

Figure 3.2: Experimental arrangement A with a homemade rotatory motor; and the round glass plate is
fixed through vacuum pump with the motor. The rotatory motor has 1-dimension linear

freedom of motion.

1 mm

Figure 3.3: Quality of glass plate surface after rotating for 5 minutes (A) with design A and (B) design
B. Pictures are taken by CCD camera. With design B, the scratches on the glass plate is

avoided.
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These problems can be solved by design B (figure 3.4) assembled with a PI
stepping motor. The parallelity of the two glass plates was controlled by the weight of
the stepping motor, which was measured to be 2.76 kg (equal to 27.05 N). Because
the upper glass plate was fixed according to the position of the bottom one, this
design provided much more stable rotating environment than that with design A. The
stability is reflected by the surface property of the bottom glass after rotation as

shown in figure 3.3 (B). The surface stayed clear and still smooth after rotation,

without any scratches.

- Rotatory motor

Stationary stage

PMT

Figure 3.4: Experimental arrangement B with a PI stepping motor assembled with a glass holder made
of metal. The glass plates are pressed together with relative parallel surfaces by the motor

weight.

Another difference between the two designs lies in the mechanical movement of
the rotatory motor. The homemade motor in design A has the freedom of motion in

X-axis but the PI stepping motor in design B is fixed firmly with the stationary stage
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to keep the parallelity. This movement freedom in design A makes the injection

integration possible.

The design A is used to investigate particle motions under rotation in section
3.2.1 and is applied to integrate injection methods in chapter five. The design B is
used in liquid film thickness measurement in section 3.1.3, to check fluorophore
solutions rotating performance in section 3.2.3, and in SDCC experiment in chapter

four.
3.1.3 Liquid Film Thickness Measurement

The estimation of scale is crucial in determining whether a system is a
microfluidic system. The so-called “micro flow and nano flow” have the scale down

to um and nm as discussed in chapter two.

The thickness of liquid film can be determined by measuring electrical resistance
or refractive index. The electrical resistance is proportional to the thickness of the
liquid film and the light path length has the same property. In this experiment,
Infrared Ellipsometry (IE) and volume-to-area methods were applied to identify the

water film thickness between two glass plates.

Infrared Ellipsometry

IE measures the change of polarization property based on reflection or
transmission of the material (figure 3.5 (A)). The polarization changes with the
material's physical properties such as thickness, complex refractive index and
dielectric tensor. Ellipsometry can achieve Angstrom resolution when exploits phase

information and the polarization of light.

IE method is assumed to measure the thickness of ultra-thin films within pm or
nm scale. It was used to characterize the organic film-on-substrate samples™ and the
influences of inhomogeneities on thick film®”. The sample must compose discrete,

well-defined layers that are optically homogeneous and isotropical.
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Light source : Detector Detector
1 "\1
. 1
1 A
. \
Polarizer Analyzer =
1 ) -
D v B o
Compensator 1 Compensator B
(optional) 1 (optional) o .}

Sample

(A)

Figure 3.5: Illustration of (A) ellipsometry principle and (B) IE experimental setup. IE is used to

measure the thickness of the mobile phase film in between two glass plates.

For example, the refractive index of air is 1 and silica is 3.42, hence, the
property of materials in different layers such as silica-air-silica can be measured by

refractive index changes.

In this study, IE measurements were carried out with the homemade IE setup
designed by Institute for Analytical Sciences (ISAS) in Berlin shown in figure 3.5 (B).
The samples were laid standing according to the instrument instead of lying in the
traditional IE measurements. The spectral range of the stretching vibrations of the
water reveals that detection of a water film down to 1 nm should be possible with this

IE instrument.

Since the water film was sandwiched between two glass plates, the refractive
index changed on glass-water-glass surfaces twice and the thickness of water film
could be thus calculated. However, the refractive indices are similar for glass and
water, which makes the thickness of water film difficult to be determined. Then the
silicon-water-glass sample was used to replace the glass-water-glass sample. The
surface roughness of the silicon wafer should be the same as the substituted glass

plate; otherwise the thickness of the water film would be different.

Figure 3.6 illustrates the experimental outcomes. Figure 3.6 (A) is the graph for
silicon-air-glass sample as a reference measurement for calibration. Figure 3.6 (B)
shows the thickness of water film, which is sandwiched between silicon wafer and

glass plate. The spectra of 30 nm and 300 nm water films were measured as
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references to determine the spectrum of water film with unknown thickness. A
thickness range instead of precise value was obtained. The water film was determined
to be thicker than 300 nm, which was beyond the detection limit of the available IE
instrument. Since the IE method was not able to measure the thickness of water film,

another method by measuring the volume and area of the water film was employed.
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Figure 3.6: Measured and calculated tan ¥ spectrum of (A) silicon-air-glass sample for instrument
calibration, and (B) silicon-water-glass sample. The thickness of water film is between 30

nm and 300 nm, but the precise value can not be decided by IE.

Volume-to-area

When the volume V (uL) and area 4 (mm?) of a portion liquid are known, the
thickness d (um) can be derived by d = V'/ A. In this experiment, the d of water film
between two glass plates was determined by measuring the area of the water droplet
with defined volume. In order to eliminate capillary force on the hydrophilic surfaces,
the glass plates were silanized to be hydrophobic. The silanization process was the

same as described in section 4.1.2 for the SDCC experiments.

1 uL of dye in water solution was perfused by syringe onto the silanized glass

plate and the other glass plate was laid immediately on top. The area of the dye
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droplet was recorded by CCD camera and then obtained by CoreIDRAW 12. Three
samples are listed in table 3.2 and the average thickness of water film is calculated to

be around 26.7 um.

Table 3.2: Parameters in volume-to-area experiments, images are taken by CCD camera with bars,
areas are acquired with CoreIDRAW 12, and the thicknesses are derived by d = V'/ 4. The

average thickness of the mobile phase film is about 25 um.

Images taken by CCD Volume (pL) Area (mm?) Film thickness (pum)
1.0 31 323
1.1 47 23.4
1.0 41 24 .4

After the establishment and characterization of the microfluidic system, each
setup was given different task according to its characteristics. In order to study the
feasibility of validate shear driven circular liquid chromatography and integrability of
injection system with these setups, specific experiments were designed and the further

characteristics of these setups were checked.
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3.2 Applications of the Rotating Microfluidic System

In earlier rotating microfluidic systems, microvalves, microchannels and other
integrated internal parts were arranged in a certain sequence to achieve various

aims!®!

I solely by centrifugal force. For example, the microvalves on the rotating
platform were used to control the fluid flow, while the opening of the microvalves
depended on the rotation frequency of the rotating platform, the channel dimensions,

and the physical properties of the microfluidics.

In our rotating microfluidic system, the centrifugal force was not required and
the centrifugal effect should be eliminated. So the rotation frequency was kept low.
The fluorescent particles were studied to understand the influence of the centrifugal

force.

As supplementary information, the rotation effect of immiscible liquid layers is
discussed in section A.3 for potential applications of this system. While droplets of
one fluid in another immiscible fluid flow in micro-fluidic system are used widely in
food chemistry and pharmacy fields. The special distribution and dispersion

properties provide big potentials for emulsion study">.
3.2.1 Fluorescent Particles

The sample solution was prepared with 2 mM FluoSpheres® carboxylate-
modified microspheres in water. This solution has yellow-green fluorescence
(505/515) with 2% solids. Two different sizes of particles were prepared: @ 0.1 pm
and @ 2 pm (Invitrogen, USA).

Experiment:

A small aliquot of water solution with fluorescent particles was injected by
syringe onto the silanized glass surface followed by perfusing water droplets all

around the glass plate. Another glass plate was laid on top carefully to drive out air
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bubbles. Then the stepping motor was fixed and started to rotate. The images in time
sequences were recorded by CCD camera and the fluorescent intensities of 2 pm

particles are shown in figure 3.7.

The bright parts in figure 3.7 are fluorescent particles. They appear with
specified time interval determined by the rotation frequency. As shown in the image
sequences, the bright areas show up during every cycle at almost the same position on
the glass. The time interval between each cycle is about 3 s. This phenomenon
indicates that the centrifugal force has very little influence on this microfluidic system,
because the propulsion effect induced by centrifugal force is very limited. The
particles are driven mainly by shear force occurs in the circular track other than being

driven out to the edge.

In the experiment, the intensity changed irregularly because there were some
fluorescent particle residues sticking on the rotating glass plate, and the amount was

changing during rotation. This uneven distribution of the fluorescent particles on the

rotating plate could be improved by diluting the solution, but led to too low intensity

to be detected.

Figure 3.7: Distribution changes of fluorescent particles with time recorded by CCD camera. The
rotation frequency is 1.37 Hz and the particle size is 2 um in diameter. The centrifugal
force is proved to have no influence while the fluorescent particles stay in the same track

every cycle.

The centrifugal force ' (N) can be calculated by equation 3.1, where r is 9 mm
and f'is 1.37 Hz. The centrifugal acceleration a is 0.666 m/s%, which is much smaller

than the gravity acceleration g (9.8 m/s®). Therefore the centrifugal force can be
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omitted with the particles when the frequency is as small as 1.37 Hz. This result

explains the experimental results shown in figure 3.7 from the mathematic aspect.
F=m-a=m-Qaf) -r (3.1)

Another experiment was designed with the same rotation frequency but the size
of particles was changed. The fluorescent intensities taken by PMT are shown in
figure 3.8 as a comparison of rotation behavior for different particle sizes within the
same time period (~ 40 s). The regular peaks appear almost every 0.8 s are assumed
to be due to the particle residues or diffractions on the rotating glass plate. This graph
shows that there are more periodic peaks with 0.1 um particles (figure 3.8 (A)) than
with 2 um particles (figure 3.8 (B)).
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Figure 3.8: Fluorescent intensities of fluorescent particles with diameters of (A) 0.1 um and (B) 2 um
rotating at 1.37 Hz. More periodic peaks appear with 0.1um particles. The regular peaks

appear every 0.8 s are the residues or diffractions on the rotating glass plate.

But from the graphs, it is difficult to get more information other than fluorescent
intensities for the individual or collective behaviors of the fluorescent particles.
Hence, Fast Fourier transform is used to get more time information for our rotating

platform.
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3.2.2 Frequency Analysis

Fast Fourier transform (FFT) is an efficient algorithm to compute the discrete
Fourier transforms (DFT) and the inverse'. FFT is of great importance to analyze
periodic signals for signal processing in the finite field. The cyclic filter banks were
built up to simulate analysis in many applications such as image subband coding'®.
In this experiment, the cyclic signals showed up were assumed to be analyzed by FFT
to increase the S/N ratio. The frequency information was extracted from the time

information, and each group of regular periodic peaks should have a single peak in

the frequency graph.

FFT Functions:

If a given signal x(¢)=x(t+7T) is periodic with the time period T (s), its
spectrum is discrete with frequency interval £ =1/7 . FFT can be derived with

equation 3.2 from a series of periodic signals in an infinite time period.

X(f)=[xt)e ™ -dt (3.2)

Many simulation functions are developed to filter out undesired frequency peaks.
Different FFT functions are chosen for different analyzing purposes. One of the
functions commonly used is named wavelets function. It is explained by equation 3.3
where a and b are undefined parameters. This function is not to replace the Fourier

transform but merely as a de-noising step to increase the S/N ratio:

0 X2

F(x)= jeT ccos(bx)-dx  (3.3)
Another function called Shah Convolution Fourier transform (SCOFT)**), which

has been recently applied to CE microchip analysis'®’, multiple-sample injection

technique!®, and particle flowing velocity measurement'®”. SCOFT is unique in

"http://en.wikipedia.org/wiki/Fast_Fourier transform
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analyzing linear signals in a separated multiple detection. The continuous linear
signals can be detected in a sequence of discrete signals with defined time intervals as
shown in figure 3.9. The time intervals are controlled by a homemade device with
slots aligned in certain distances. This device is used to cut the continuous signal into
discrete and periodic ones. So the continuous time domain signals are successfully

transferred into frequency domain signals.

SCOFT can be used in this experiment for linear separation analyzing, if the
rotating microfluidic platform is further miniaturized in the future that the whole
platform can be observed under the microscope. But now only a small part of the
platform was able to be seen by the microscope at one time, so the continuous
fluorescent signals were detected every cycle when they reached the detection
window. The periodic signals were transferred by plain FFT to investigate the

rotation condition.

=2 [COTTOHE
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N
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Figure 3.9: Illustration of SCOFT function in transferring (A) linear continuous signals with a
homemade device into (B) discrete periodic signals. The time interval is defined by the

distance between two detection slots of the device, and the flow rate of the sample.

In order to obtain better resolution with FFT, the practical way is to collect data

for a longer time period.
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Data Collection Time

FFT signals are discrete with frequency spacing between continuous data points

in the frequency domain graphs. This is defined by &, = S,.,, —rate/n, where d is

the frequency spacing and # is the total number of input points'®’!. The simulated peak
can reach closely to its true height and shape by changing S;.., and n. If n increases
but Scan Stays constant, the ) will decease. This means if the narrower peak width is
needed, more data points should be collected to define the peak. This can be achieved
by collecting the raw data for a longer time period. Meanwhile, longer time period of
data collection contributes to better resolution in FFT analysis because of more time

information. The function: y =sinx is taken as an example, the resolution of y is

better with narrower peak width at 0.16 Hz for a longer time period (figure 3.10 (B))
compared with that of a shorter time period (figure 3.10 (A)). For x from 1 to 50000
in figure 3.10 (B), n is bigger and thus J is smaller than that for x from 1 to 500 in
figure 3.10 (A), and more data are collected to form the peak.
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Figure 3.10: Theoretical illustration of FFT analysis for different time durations. (B) longer time

period for more data collection has superior peak resolution than (A) shorter time period.
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This theory can be used to increase the resolution of FFT peaks in the SDCC
experiments described in section 4.2.4. However, the study of the rotating
performance of fluorescent particles is only to check the influence of centrifugal force.

Hence only plain FFT function is capable.

Results:

In our rotating microfluidic system, the rotation frequency of 1.37 Hz was
chosen to analyze the movement of fluorescent particles under rotation (figure 3.8).
The frequency information of the particles with the size of 0.1 um and 2 pm in

diameters were compared in figure 3.11.
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Figure 3.11: Frequency information of 0.1 um and 2 um particles rotating at the frequency of 1.37 Hz.
The FFT is done by Origin 7.0. Peak at 1.37 Hz is the periodic signal of residue or light

diffraction and reflection with the rotations.
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The comparison of the frequency information shows that the particles with
bigger size have more motion freedom compared with smaller ones, since bigger
particles show more peaks on the frequency graph. For the particles with both sizes,
the signal at 1.37 Hz, which equals to the rotation frequency, comes from diffraction
or fluorescent residues on the rotating glass. However, 2 um particles have many
small peaks between 0 and 1.37 Hz. These peaks attribute to free diffusion and
random movements of the big particles or their aggregations under the shear force,
albeit the particles diameter (@ 2 pum) are relatively small to the microfluidic film
thickness (20 pm). There is no clear peak at about 0.7 Hz, which is half of the rotation
frequency. This phenomenon indicates that most of the particles do not move at the
same speed with the mobile fluid. With the 2 um particles, a distinct peak at about 0.5
Hz is observed. This peak indicates that a great amount of particles move 0.2 Hz

slower than the mobile fluid.

For the 0.1 pm fluorescent particles, no obvious peaks show up in the graph.
Therefore the detection limit has to be enhanced in order to study particle movement.
Some new methods concerning the light source, special NA filters, and pre-treatment
of the samples were reviewed'®! towards high-resolution and high-sensitivity

fluorescent devices integrate with lab-on-chip devices.

Since fluorescent particles are investigated to get the conclusion that centrifugal
force has little influence when the rotation frequency is not higher than 1.37 Hz in our
rotating microfluidic system, and FFT analysis is proved to be an effective way to
analyze periodic signals. Based on these results, preliminary experiment is designed

to check the feasibility of design B for chromatography applications.
3.2.3 Fluorophore Solution

A small aliquot of fluorescein solution was rotated in water environment for 30 s
with design B. On the images taken by CCD camera (figure 3.12), a circular track is

formed other than an area.
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This observation indicates that the boundary is successfully established in our
system, and design B is capable in carrying out microfluidic separation experiment. If
the separation can be completed in such a short time, the separation efficiency will be

high.

Figure 3.12: Images of (A) flow track overview and (B) amplified part for fluorescein after rotating
for 30 s with 2 Hz. Due to the diffusive balance in microfluidic system, the average width

of the track is about 0.5 mm.

3.3 Summary

In this chapter, a system was successfully built up to produce rotating
momentum to drive the microfluid flow in a circular way. Two setups were designed
with different rotatory motors. Their benefits, drawbacks and potentials are

summarized in table 3.3.
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Table 3.3: Comparison of two setups designed in our work, design A is suitable for integrating future

injection process and design B is proper for circular shear driven chromatography

experiments.

Setup | Advantages Disadvantages Applications

A Motor has X-axis motion Rigid in Z-axis, induces Potential to integrate
freedom, rotation frequency  turbulence and scratches on glass  injection process
range: 0.5-50 Hz' plates, rotation frequency is

unstable

B Stepping motor has Fixed in X- and Y-axis, rotation ~ Validate circular
flexibility in Z-axis, two frequency range: <2 Hz chromatographic method
glass plates can be tuned to
be parallel, rotation
frequency is stable

" The rotation frequencies are recorded by stroboscope.

Using the fluorescence intensity to detect the movement of freely diffusing
fluorescent particles was reported to be a sensitive method to investigate the tracking
and controlling of small particles!®. Here, the frequency information contained in the
periodic discrete fluorescent signals was extracted out by FFT. Besides free diffusion,

the movement of particles is also influenced by the shear force.

Various applications of microfluidic flows in micro-channel or nano-channels

were reviewed!”

, and the fundamental prospect for lab-on-chip devices is based on
multiphase flow. In this experiment, the wall of micro-channel was defined by
hydrodynamic stability of shear driven flow instead of the solid channel walls. The
diffusion equilibrium in a short time period made the temporary establishment of
multilayer boundaries possible. The boundary formed restricted the dispersion and

exchange flows between multiphases. The concentration gradient of microfluidic

layers was also able to be restricted "),
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CHAPTER FOUR: CHANNEL-FREE SHEAR DRIVEN
CIRCULAR LIQUID CHROMATOGRAPHY

4.1 A Channel-free System

Fluid flows in micro-channels can be controlled by the combination of channel
geometry and surface modification to vary the boundary effects!’”. Two layers of
microfluidic flows have been introduced to accomplish chromatographic separation

[73]

with high speed" "™ in a single channel. Another kind of micro-channels has been built

71 This model produced

with the porous material in microfluidic methodologies
more than 5000 micro-channels in the networks of the porous packed media. In the
centrifugal rotating microfluidic system, the micro-channels always display three-
dimensional micro-structures, which offer the spaces for the centrifugal force to
create an artificial gravity and continuously drive the microfluidic flow in the radial

direction””). In a summary, the traditional concept of “channel” in the microfluidic

system is always relevant to the spaces formed between two solid side walls.

In this experiment, a novel channel-free method was developed. No solid
channel wall exists; instead, two flat glass plates are where the chromatography takes

place. The stationary phase was then coated directly on the glass surface.
4.1.1 Introduction to Stationary Phase

In reverse phase liquid chromatography (RPLC), the stationary phase is non-
polar and the mobile phase is polar. The stationary phase is hydrophobic in physical
property, and it must be stable against the dissolution caused by the solvent in mobile

phase, and must be chemically inert to both the mobile phase and the analytes. The
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stationary phase also has to be stable to the shear force induced by the flow. Most
commonly used stationary phase is octadecylsilane (ODS), which is bonded to a
silanol function group with a chemical bonding named siloxane linkage!™®. The

reaction process is shown in figure 4.1.

T1 aHar
oH + Crglg,BiCly —— _sli_c] gHar
CigHar

Figure 4.1: Reaction of silanol function group with tri-functional ODS. With this reaction, the
stationary phase of C18 is coated on the glass plate for the following chromatography

experiments.

The selectivity of stationary phase varies with the length of alkane chain and the
coating property. ODS is chosen because of its good separation ability for many
components. The silanol function group located on the fully hydrated surface has the
steric restriction to react fully with silane solution. Different types of silanol groups

on the glass surface exhibit different reactivity to silanes.

The soda lime glass used in this experiment has the chemical composition of
12.3Na,0 * 5.5MgO * 8.9CaO * 1.1AL,0; * 72.2Si0,""), which means the chemical

structures on the surface is inhomogeneous. The inhomogeneity provides various
reaction sites on the glass surface. Porous silicon”® and monolithic silica column!™
have been investigated to substitute the silicon substrates used in shear driven linear
chromatography. In this experiment, ODS was directly coated on the whole flat soda

lime glass surface in order to overcome channel restrictions.
4.1.2 Coating Process

Reverse phase coating process consisted of two steps: pretreatment and
silanization. In both steps, several methods were compared and the best approach was
chosen. In the pretreatment step, the glass plate was firstly washed with deionized

water and ethanol, and pretreated in different ways. In the silanization step, pretreated
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glass plates were silanized with the 30% (v/v) n-octadecyltrichlorosilane (C;3H37SiCls,
90%, cont. 10% branched isomers, Sigma Aldrich Chemie GmbH, Germany) in
toluene (Merck, Germany) solution with different methods. The silanized glass plate
was rinsed with toluene and dried at room temperature with nitrogen. At last, the

prepared glass plates with C18 coating were heated in the oven at 70 °C overnight to

firm the bonding.

Pretreatments

The basic function of pretreatment is to clean the soda lime glass surface, and
remove the handicaps and contaminants. Furthermore, it can also activate the silanol
function groups. In our experiment, O, plasma, piranha solution (3:1 (v/v)
concentrated sulfuric acid to 30% hydrogen peroxide solution) and 2% (v/v) HF
solution were tested. Homemade O, plasma cleaner (figure 4.2) can oxidize the glass

surface so that more silanol function groups are added.

three way valve
tN,
—close %\

| vacuum

electrodes

Figure 4.2: Photo of homemade O, plasma cleaner used for pretreatment. Glass surface needs 1

minute plasma treatment to clean and activate the surface.
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Piranha solution enables stronger oxidation and hydrolysis to provide more
silanol function groups. Both pretreatments do not change the surface topography, but
pretreatment with HF solution roughens the glass surface to increase the silanization

sites.

All these pretreatments keep the surface hydrophilic and do not change any
chemical properties. After pretreatment, spin coating, vapor deposition and
immersion methods were introduced for silanization. The glass surface has to be

freshly prepared and immediately silanized.

Spin Coating

The spin coating process was programmed to rotate at 8.3 Hz for 5 s and
afterwards at 24.9 Hz for 15 s. A drop of C18 solution with the volume of 1 mL was
dropped by a syringe in the centre of the glass plate, and the rotation started. After the

rotation, the glass plate was heated on hotplate at 110 ° C for 1 min.

The surface properties of glass plate after spin coating are recorded by

microscope (figure 4.3).

The inhomogeneity coming from spin coating is mainly because that the glass
surface is hydrophilic but the C18 solution is hydrophobic. The compatibility of glass
surface and C18 solution is low, so the C18 drop splits into small droplets and
accumulate as small spots on the surface other than spread evenly as a film. The
droplets in the center (~ 0.5 mm in diameter) are bigger than these at the border (~ 0.1
mm in diameter) due to weaker centrifugal force in the central part. After the toluene
was removed, solid accumulations other than a solid layer were left on the glass
surface. When the volume of C18 increased to 2 mL, the distribution of C18 droplets

on the glass surface did not improve.
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1 mm 1 mm

1 mim 1 mm

Figure 4.3: Photos of glass surface after the spin coating process with 1 mL C18 solution. (A) The
central part and (B) the border part of the glass surface have dark “islands” due to the
accumulation of C18 droplets. After heated up to remove the toluene solvent, (C) the solid
parts on the surface still exist. If (D) more C18 up to 2 mL is added, the inhomogeneity

does not improve.

Vapor Deposition

To overcome the accumulation of C18 droplets that occurred in the spin coating
process, vapor deposition method was introduced to generate dense and homogeneous
C18 vapor instead of droplets. The vapor sprayed at the same time on the whole
pretreated glass surface. C18 solution was kept in a small chamber together with
target glass plate during the deposition process. Since C18 has long chain length and
high boiling point, they were heated up to 60° C for 30 min.

After the vapor deposition, no accumulation was seen on the glass surface. The

surface properties are checked in section 4.1.3.
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Immersion

In parallel, immersion method was introduced to solve the inhomogeneous
“island” problem. The pretreated glass plate was submersed into C18 solution and
kept at 30° C for at least 24 hours, then rinsed with toluene and distilled water. The

surface properties are also checked in section 4.1.3.
4.1.3 Characterization of Glass Surface Properties

Some of the basic properties of a stationary phase are the stability against
dissolving in the mobile phase and a certain surface homogeneity. Hence, contact
angle measurements and white light interferometry (WLI) were chosen to

characterize these surface properties.

Contact Angle Measurement

Contact angle reflects whether the surface property is hydrophobic or
hydrophilic. In our measurement, static tangent method was used to acquire the

contact angles.

To check the stability of stationary phase against the mobile phase, C18 coated
glass plates were submersed in mobile phase solution for 24 h. Then the contact
angles were measured and compared with the contact angles on fresh-made glass

surface. The details are illustrated in section B1.

From the comparison of contact angle changes summarized in figure 4.4, the
immersion method is superior. The glass surface freshly silanized with C18 has a
mean contact angle of 113°, and the angle is reduced only from 116° to 110° after
immersion in mobile phase, indicating its coating stability against the mobile phase.
However, with the vapor deposition method, the contact angle decreases
tremendously from 100° to 55°, which indicates that only temporary physical
attachment of C18 instead of chemical bonding is formed in the vapor deposition

process.
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Figure 4.4: Contact angle changes versus time. () vapor deposition method shows inferior
performance with poor stability and (@) immersion method has better stability when the

glass plate is immersed in the mobile phase for 24h.

White Light Interferometry

WLI measurements were accomplished by the equipment ZYGO New View
5000 System (ZYGO Corporation, USA)'. To obtain precise height measurements
with large steps or rough surfaces, a method called vertical scanning or coherence
probe interferometer was used. Equipped with a white light source, this method

employed the coherence peak sensing approach.

All 2D and 3D images shown in figure 4.5 and figure 4.6 illustrate the
topographic maps of the test glass surfaces with the coherence intensity images. The
colors represent heights. The black parts in these images represent the area with
unknown optical property. The unknown property may be due to either too low or too
high topography. Another possible reason is that these parts are covered with the
material, which has too much absorption of the white light and too low reflection to

give any height information in WLI measurements.

"http://zygo.com/
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In figure 4.5, the surface roughness with immersion and vapor deposition
methods are compared. Immersion method gives better homogeneity and thicker C18
coating. The average roughness (Xrms) of the C18 layer coated on glass surface is
about 300 nm with the immersion method and about 30 nm with the vapor deposition

method.
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Figure 4.5: Surface topographic images of CI8 coated glass surfaces with height information

measured by WLI. (A) and (B) are surfaces treated with immersion method; (C) and (D)
are treated with vapor deposition method. Measured area is 0.01 mm % 0.01 mm. The

immersion method has better homogeneity and thicker C18 coating.

In parallel, different pretreatment methods are compared in figure 4.6 with the
same silanization method (immersion). To carry out thickness measurement, half of
the glass surface was wrapped by a plastic stripe immediately after pretreatment.
After silanization with immersion method, the plastic stripe was taken off and the
cross section over coated and uncoated surface was measured by WLI. Through

analyzing the depth of the cross section from the images in figure 4.6, plasma cleaner
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gives the weakest coating process with an average thickness of 500 nm. The piranha
solution is a stronger oxidant with a thicker C18 layer of about 900 nm. HF solution

is corrosive to glass, so that the C18 layers are the thickest, which have an average

thickness of 1200 nm with the roughness of 500 nm.
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Figure 4.6: Topographic maps and the height profiles of the test glass surfaces. The height profiles
calculated in (B), (D), and (F) are done by Origin 7.0 according to the topographic maps
on the left side. The glass surfaces pretreated with (A) plasma cleaner, (C) piranha

solution, and (E) 2% HF solution are compared. HF pretreatment has thicker C18 coating

and better roughness.
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The different thickness of C18 layers with different pretreatment methods is due
to the different roughness on the uncoated glass plates. Hence the uncoated glass
surface properties are checked by WLI (figure 4.7). Over the same distance of 100
um, the HF solution pretreatment offers the roughest surface (about 60 nm) and
plasma cleaner pretreatment gives smoothest surface (about 30 nm). The roughened

surfaces provided more silanization sites and therefore the coated layers had better

roughness.
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Figure 4.7: Height profiles of the bare glass surfaces pretreated by plasma cleaner, piranha solution,
and HF solution. The glass surface pretreated with HF has roughest surface profile, which
provides more active sites for silanization step.

Meanwhile, other method for stationary phase coating was tried as well.

4.1.4 Magnetic Powders

One way to improve the coating of stationary phase is using the magnetic nano-

powders as the holding media for C18 layer. The magnetic nano-powders are easy to
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handle because of their fluidic property and stable surface coating. The fluidic

property makes them easy to be shaped by a magnet with various requirements.

Coating Process:

The coating process for magnetic powders is the same as for ferrofluids®”. 0.5 g
magnetic particles (Iron oxide nanopowder, < 50 nm, Sigma-Aldrich Chemie GmbH,
Germany) were dissolved in methanol and dispersed in C18 toluene solution, and
stirred for 12 h at 30 °C. Then the particles were rinsed by toluene and dried with

nitrogen. The coating property was checked with infrared spectrometry (IR).

The IR experiment was done by PERKIN ELMER System 2000 IR spectrometry
with Nd YAG Laser. The scanning wave numbers were from 4000 cm™ to 500 cm™.
Sample powders were mixed with KBr and pressed with a homemade mechanical

pump into a tablet for IR measurement.

The IR spectra are shown in figure 4.8. The effective chemical bond is Fe-O-Si
bond. From the comparison before (figure 4.8 (A)) and after (figure 4.8 (B)) the
coating process, water components in magnetic powders stay the same with the
constant absorbance intensity at about 3500 cm™. The peak at about 1200 cm’
increases after the coating process due to the formation of Si-O bonds. Before the
coating process, the spectrum at about 1200 cm™ comes from the minor C-O bonds
contained in the air (CO;), which have a peak at the same position with Si-O bonds.
The new peaks in figure 4.8 (B) between 2850 cm™ and 3000 cm ™' represent that Fe-
O-Si bond was formed during the coating process. IR spectra identified the successful

bonding of C18 stationary phase and the magnetic powders.

After the stationary phase was coated on the magnetic powders, rotation

movement was applied to check the location property of the new stationary media.
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Figure 4.8: IR spectra of magnetic powders (A) before and (B) after coated with C18. The absorbance
peaks between 2850 cm™ and 3000 cm ™' represent the formed Fe-O bonds.

Experiments and Characterization:
In order to check the location stability of the magnetic powders in the rotation
procedure, the experiment design is illustrated in figure 4.9 to observe the behaviors

of the magnetic powders.

Ring magnet _ _
Magnetic particles
| .

| pd |
| ' |

Microscope

Figure 4.9: Tllustration of the rotation experiment when C18 is coated on the magnetic powders.
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Before rotation, the particles were sprayed with the pipette evenly in a round
area as shown in figure 4.10 (A), according to the size of the ring permanent magnet
(N 38, OD 40 x ID 36 x 7 mm, Nickel, ChenYang Technologies GmbH & Co. KG).
The ring magnet was laid on top of the rotation glass plate. The mobile phase was
perfused around the circle. The final track was determined by the ring magnet during

rotation experiment because of the flowing freedom of the magnetic powders.

Figure 4.10: Magnetic powder (A) before and (B) after rotation experiment. The circular track is
formed by the ring magnet. The uneven distribution of magnetic powders indicates that
the magnetic power is weakened by the thickness of the glass plate and is not suitable for

SDCC.

Since the strength of magnetic field produced by the magnet decreases with the
inverse third or fifth power of distance', the thickness of glass plate (~ 1 mm)
weakens the magnetic power enormously. Another factor affecting the strength of
magnetic field is the aggregation of fine powders. The magnetic powders
accumulated during rotation to form “islands” on the glass plate. This made the
magnetic powder much weaker on the top of the “islands” than the bottom. Therefore,
the magnetic field was uneven through the circular track, and the magnetic powders

were located unevenly as shown in figure 4.10 (B). When the thickness of the

! http://en.wikipedia.org/wiki/Magnetic moment
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powders was bigger than that of the liquid film, the rotation was hindered. This would

lead to the turbulence in mobile phase.

After the investigations on different stationary phase coating methods,
pretreatment with HF solution and silanized with immersion method afterwards was

chosen for the following SDCC experiments.

4.2 Validation of Channel-free Shear Driven Circular

Chromatography

Today’s dominant separation methods such as HPLC and CE are both limited by
resistive behaviors discussed in section 2.3. For example, the fast pressure driven
flows in small columns with long paths are districted by Poiseuille’s law of extreme
and impractical pressure limitation; on the other hand, band broadening attributed to
the temperature change through the column is also dependent on the flow velocity™").
Then shear driven chromatography was developed to overcome these limitations with
the help of liquid viscosity in micro-channels. When SDC is to be realized, the
channel-free system has more potential compared with micro-channels in separation
efficiency enhancement. Nanostructure fabrication on stationary phase with
monolithic silica layer has the same function with “channel-free” method. Recently,
the nanostructure fabrication was reported to give faster separations, better resolution

(82]

and lower limits of detection*™™ in LC. The nanostructure has the dimension in the

range of 10 um.

The channel-free separation method is inspired by thin layer chromatography
(TLC) and ultrathin layer chromatography (UTLC) systems which have only flat
stationary phase layer instead of channels. In order to validate SDCC, the
experimental arrangement B described in figure 3.4 in section 3.1.2 was chosen to

investigate circular liquid chromatography in the following experiments.
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4.2.1 Separation of Rhodamine B and Fluorescein Mixture

The experimental operation is illustrated in figure 4.11. No micro-channel is

fabricated and only shear force is applied.

stable plate

rotation wafer .
stationary phase

Figure 4.11: Tllustration of the channel-free SDCC process. Analytes are sandwiched between the
cover glass plate (rotated by the rotor) and bottom glass plate (coated with C18). The

analytes are separated in a circular track with the cycles.

The analytes chosen in our experiment were rhodamine B with the excitation
wavelength (Ex) at 530 nm and emission wavelength (Em) at 566 nm (Merck,
Germany), and fluorescein sodium salt with Ex at 490 nm and Em at 520 nm (Merck,
Germany). The molecular structures are shown in figure 4.12. Their fluorescent
wavelengths fit the filter range of our microscope and their polarities are much

different.

rhodamine B fluorescein sodium salt

Figure 4.12: Molecular structure of rhodamine B and fluorescein sodium salt.
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The sample was prepared with 5 mM rhodamine B and 5 mM fluorescein

mixtures in methanol (Merck, Germany) solution.

Experiment:

A small aliquot of the sample solution was injected manually onto the C18
coated glass plate laid beneath. Then the mobile phase was perfused around the
sample droplet on the bottom glass plate and covered with the uncoated glass plate,
taking care to avoid the formation of air pockets. The rotation motor was laid
immediately on top to fix the upper glass plate with a homemade metal frame. This
step was carried out as fast as possible with practice to eliminate the analytes
diffusion into the mobile phase before rotation. When the rotation started, the

fluorescence intensities were collected by PMT or CCD camera.

For preliminary investigation, rhodamine B and fluorescein were tried on TLC
plates to check the retention factor and separation capability. With HPTLC plates
silica gel 60 F254 plates, which were precoated for nano-TLC (Merck, Darmstadt,
Germany), rhodamine B and fluorescein were successfully separated as shown in
figure 4.13. According to the chosen stationary phase, mobile phase with low
reactivity and high retention factor was chosen. In our experiment, the mobile phase

was 30% (v/v) water in methanol (Merck, Germany) solution.

The separation occurred in the radius direction rather than in the fluid flow
direction. This phenomenon indicated that the flow of the fluorescent dyes was

dominated by primary diffusion effects in the silica gel layer.

The separation took place only in the direction of mobile phase diffusion within
the porous micro-structures of the stationary phase, but not in the direction of rotation.
The porous silica gel layer with the pore size of about 60 A' has hampered the
diffusion of samples from silica gel to mobile phase. The main part of the samples

was trapped in the pores and flowed from pore to pore with the diffusion of the

"http://www.voigtglobal.com/EM_Merck TLC Plates.htm
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mobile phase. Shear driven flow had minor effects on the separation process. Hence,
the commercial silica gel plate was not suitable to carry out SDCC because of its

surface properties.

Figure 4.13: Rhodamine B and fluorescein separated by TLC silica gel plates with 70:30 (v/v)
methanol in 1-octanol solution. Fluorescein has lower polarity and flows faster than
rhodamine B. The two fluorophores separate in the diffusion direction other than shear

flow direction. The flow trajectory of the dyes has been outlined.

Mobile Phases

30% (v/v) water in methanol solution was used as mobile phase because of its
superior performance in TLC compared with other combinations as shown in figure
4.14. 1-octanol, ethyl acetate and n-hexane solvent are all from Sigma Aldrich
Chemie GmbH, Germany. The retention factors R, defined by equation 4.1 are
described in table 4.1. Bigger R reflects better separation performance. In equation
4.1, Scompouna (cm) and Sgopens (cm) are the distances travelled by the compound and

solvent front.

S
R — compound 4 ) 1
I (4.1)

solvent

The mobile phase 15:35:50 water, methanol and ethyl acetate (row D in table 4.1)

is not chosen even though it shows better separation performance than 30:70 water
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and methanol solution (row A intable 4.1). This is because fluorescein flows as far as

mobile phase, and the retention factor is 1. The stationary phase has no influence on

the analytes. In the chromatogram, the signal peaks of mobile phase and fluorescein

will overlap, and the peak shape of fluorescein is too poor to calculate theoretical

plate numbers and the other chromatographic parameters.
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Figure 4.14: TLC performance with different mobile phases. (A) 30:70 (v/v) water and methanol, (B)

25:65:10 (v/v/v) water, methanol and octanol, (C) 15:85 water and methanol, (D)

15:35:50 water, methanol and ethyl acetate, and (E) 15:35:50 water, methanol and n-

hexane are used. The analyte is 5 mM rhodamine B and 5 mM fluorescein mixture in

methanol.

Table 4.1: Retention factors R,in TLC for different mobile phases. Mixture A is used in the following

experiment because of its resonable retention factor R,for fluorescein and better retention

factor difference of the two fluorophores.

mobile | Scompouna TOr Scompound fOr Seonvent | Ry for R¢ for R¢

phases | rhodamine B fluorescein (cm) | (cm) rhodamine B fluorescein | difference
(cm)

A 2.6 33 3.6 0.72 0.92 0.2

B 2.7 32 33 0.84 0.97 0.13

C 3.1 3.6 39 0.79 0.92 0.13

D 2.5 3.5 3.5 0.71 1 0.29

E 0 0 33 / / /

A: 30:70 (v/v) water and methanol,

B: 25:65:10 (v/v/v) water, methanol and octanol,

C: 15:85 water and methanol,
D: 15:35:50 water, methanol and ethyl acetate,
E: 15:35:50 water, methanol and n-hexane
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SDCC

In SDCC experiment, the glass plates were prepared by HF pretreatment and
immersion silanization as discussed in section 4.1.2, and 30% (v/v) water in methanol
solution was used as mobile phase. Because the stationary phase had a thickness of
about 1200 nm and the roughness was about 500 nm, compared with mobile phase
film with the thickness of 20 um thick, the fluorescent dyes were mainly carried by

mobile phase and the signals were recorded by PMT whilst the motor rotating.

The temperature stays steady because SDCC is an open system. Other
parameters such as mobile phase flow velocity and sample concentration affect the
separation performance of the SDCC system. In order to optimize separation, all the

variables have to be calibrated.

Velocity of moving wall u,.; (m/s) was controlled by the rotation frequency,
which was defined as u,,; = 2mf. In our experiment, » was a constant (9 mm)
because of the fixed bottom stationary stage with a fixed microscope objective
pinhole. The sample was injected according to the objective position, which is 9 mm
away from the center. The linear velocity profile of shear driven flow produced a
mean mobile phase velocity, which is half of the moving wall velocity (i = uya/2),

. . . 50
which was proved in previous work!®").

For setup B, the rotation frequency of step motor was controlled by a self-

developed PICO program written and explained in section B.2.

Frequency f was then a controllable and key factor in SDCC. Two extreme cases
are shown in figure 4.15, either with too low (0.045 Hz) frequency or with too high
(0.45 Hz) frequency. With the low frequency (figure 4.15 (A)) the sample already
dispersed into the surrounding mobile phase, and the signals went extinct before the
separation occurred. Because our system was channel-free and the samples were
restricted in a circular track temporarily only depending on the short-term diffusion
balance between sample and mobile phase. After the short balance, the samples
dispersed and the concentration decreased. The shear force also reinforced the

dispersion effect and speeded up the attenuation. On the other hand, if the frequency f
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was too high (figure 4.15 (B)), the sample was carried mainly in mobile phase and
had not enough time to fully exchange with stationary phase. The exchange was
limited, and the function of stationary phase was weakened. Thus the separation
efficiency was low. It was proven that equilibrium was impossible to establish with
too high frequency. This led to a circular track full of fluorescent dyes, which was
indicated in PMT record as poor resolution peaks or even no peaks but plateau. Even
if the separation occurred, the frontier portion would travel too fast and meet the tail
portion to remix again. In figure 4.15 (B), the peaks appeared in good shape for the
first several cycles but became broadened with time and changed into a plateau at last.
Hence, it was impossible to detect the separation with either too low or too high

rotation frequency.
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Figure 4.15: PMT signals of improper frequencies for rhodamine B and fluorescein mixtures in SDCC.
(A) 0.045 Hz is too low as the signal disappears after 10 cycles and (B) 0.45 Hz is too
high as the signal reaches a plateau after 400 s. In both cases, no chromatography

separation can be detected.

The highest separation resolution was obtained with a rotation frequency f of
0.114 Hz. This frequency provided a moving wall velocity of 6.44 mm/s with » =9

mm, and a mean mobile phase velocity of 3.22 mm/s.

Another crucial factor in SDCC is the sample concentration, which is determined

by the amount of sample injected and the volume of mobile phase applied. Improper
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concentrations illustrated in figure 4.16 lead to poor resolutions in chromatographic
separations. With too low concentration shown in figure 4.16 (A), the S/N ratio of the
PMT signal was low, which made the separation peaks hard to identify. Too high
concentration in figure 4.16 (B) induces saturated intensity on PMT recorder from the

first cycle and the plateau becomes broader after several cycles.

Based on experimental results, the concentration factor was quantified by
applying 0.1 uL sample solutions with syringe and 6 drops of mobile phase solution

with plastic pipette (2 mm in diameter). The reproducibility was improved with

experience.
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Figure 4.16: PMT signals of improper concentrations for rhodamine B and fluorescein mixtures in
SDCC. (A) Too low concentration causes low S/N ratio and (B) too high concentration
leads to overloaded detection. Both conditions have poor resolutions. The frequency is

0.114 Hz.

With optimized rotation frequency (f = 0.114 Hz) and sample concentration,
rhodamine B and fluorescein mixture was successfully separated. The result is plotted
as intensity versus time in figure 4.17 (A). The first peak is a single peak with no
separation yet. From the second cycle the peak begins to split into two peaks and the
overlap of these two peaks become smaller following the cycles. In these separated
two peak groups, the faster peaks with higher intensity indicate rhodamine B and the

fluorescein peaks have lower intensity. That is because rhodamine B has higher
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polarity and less affinity to the stationary phase, so it has shorter retention time. The
decreasing intensity of the signals is mainly attributed to dispersion into mobile phase
and partly to photo-bleaching of the fluorescent dye molecules. Growth of the time
interval between the two peaks following each rotation cycle represents the increasing
separation efficiency. In order to distinguish rhodamine B and fluorescein peaks,
Gaussian simulation is applied (figure 4.17 (B)) for further studies. Although the
reproducibility needs to be enhanced, SDCC method has successfully separated the

samples in this channel-free system.
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Figure 4.17: Fluorescence intensities of (A) experimental peaks by PMT, and (B) simulated peaks
with Gaussian simulation by PeakFit v4. rhodamine B has shorter retention time because

it has lower polarity and stronger affinity to the C18.
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As shown in figure 4.17 (A), the height of rhodamine B peaks decrease with
time due to dispersion, but the height of fluorescein peaks firstly increase and then
decrease. The abnormal intensity change is due to the resonance energy transfer

(RET)™ effect, which is explained by figure 4.18.
4.2.2 Resonance Energy Transfer

RET is referred to fluorescence resonance energy transfer (FRET), which can
happen when the emission wavelength of one fluorophore overlaps excitation
wavelength of another fluorophore. The emission fluorophore is called donor and the
other one is called acceptor, which work as a pair in RET process. RET extent
depends on the concentration ratio of the acceptor and the donor, the overlap extent of
the emission spectrum of donor with the absorption spectrum of acceptor, the
orientation of donor and acceptor dipoles, and the distance between donor and

acceptor molecules.
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Figure 4.18: Theoretical explanation of RET. (A) the Jablonski diagram' and (B) schematic spectrum
overlap® representation of the coupled transit between the donor emission and acceptor

absorption.

! http://www.olympusconfocal.com/applications/fretintro.html
? http://www.bio.davidson.edu/courses/Molbio/MolStudents/spring2000/deeb/method.html
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The RET effect decays with the increasing distance between donor and acceptor.
From a certain critical distance, the RET decay rate is faster than the transfer rate and
the RET is not efficient anymore. This critical distance is named as Forster
distance™. So the most important use of RET is to determine the distance of two
sites on a macromolecule like protein or DNA, which has pairs of function groups
with energy transit. To be an acceptor, the component is not necessarily fluorescent.

As the figure 4.18 (A) shows, there is even no photon transit process.

In our experiment, fluorescein was assumed to be quenched by rhodamine B in
the first several cycles because of RET (figure 4.18 (B)). Further experiments were

designed to prove the assumption.

Experiment:

In the first set of experiment, 0.5 mM rhodamine B and 0.5 mM fluorescein
sodium salt in methanol solution were measured separately, and their mixture with

the ratio of 1:1 was measured.

As the second set of experiment, 0.5 mM rhodamine B and 0.5 mM fluorescein
sodium salt mixture solutions with different ratios of 1:2, 1:5, and 1:10 in methanol

were measured.

Fluorescence spectroscopy was done by SPEX FluoroMax spectrometer. The
xenon lamp has emission wavelength of 467 nm and excitation wavelength of 480 nm.
The scanning range was from 400 nm to 800 nm, with increment wavelength of 0.5

nm and integration time of 0.2 s. The split of the monochromator was 1 nm.

The fluorescence spectra for the first group are shown in figure 4.19. 0.5 mM
fluorescein in methanol has the emission wavelength at 516 nm (figure 4.19 (C)). The
absorption wavelength of rhodamine B is at 530 nm, and the emission wavelength of
fluorescein is in the range of rhodamine B absorption. Hence, the fluorescein works
as a donor and the emission energy is absorbed by rhodamine B as an acceptor to

excite its own emission. This proves the existence of RET and explains the
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observation in figure 4.19 (D) that the mixture has only one emission fluorescence
wavelength at about 580 nm, when compared with figure 4.19 (B), where 0.5 mM

rhodamine B in methanol solution has the emission wavelength at 580 nm.
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Figure 4.19: Fluorescence spectra of (A) pure methanol, (B) 0.5 mM rhodamine B in methanol, (C)
0.5 mM fluorescein in methanol, and (D) 0.5 mM rhodamine B and 0.5 mM fluorescein
mixture in methanol. Peak at about 479 nm is from xenon lamp emission. In the mixture

solution (D), fluorescein is quenched by rhodamine B.

In the second group, rhodamine B and fluorescein mixture solution with
different concentration ratios are compared in figure 4.20. The concentration ratios of
rhodamine B to fluorescein change from 1:2 to 1:10. When the ratio is 1:2, the
fluorescence intensity of fluorescein is quenched by rhodamine B shown in figure

4.20 (A). When the ratio is 1:5, the fluorescein emission peak appears at 512 nm as a
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convex shoulder shown in figure 4.20 (B). The small shoulder grows with the
increasing concentration of fluorescein, because the emitting energy offered by
fluorescein molecules fulfills the rhodamine B absorption demand and provides
redundant energy for fluorescein emission. With the increasing amount of fluorescein
molecules, more energy is provided by the donor fluorophore. Hence, when the
concentration ratio is 1:10, the intensity of fluorescein emission peak at 512 nm and

the one of rhodamine B at around 570 nm are comparable (figure 4.20 (C)).
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Figure 4.20: Fluorescence spectra of different concentration ratios of rhodamine B to fluorescein
mixture in methanol with (A) 1:2, (B) 1:5, and (C) 1:10. Peak at about 479 nm is from
xenon lamp emission. The fluorescence spectrum of fluorescein at first (A) is quenched
by rhodamine B and ((B) and (C)) then grows with the increasing concentration of

fluorescein.

With these investigations, the phenomena observed in figure 4.17 can be

explained with RET effect. For the sample solution with 1:1 (c/c) rhodamine B and
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fluorescein, the fluorescein signal was completely quenched by rhodamine B. The
fluorescein signal could only be detected after being separated from rhodamine B.
With more fluorescein separated from rhodamine B, the fluorescence intensity

increased because of weaker RET effect.

However, the fluorescein molecules disperse into the mobile phase as well as
rhodamine B molecules, therefore the intensity for both dyes decrease with time.
With the separated peaks in the chromatogram, their chromatographic performance

can be analyzed.
4.2.3 Chromatographic Analysis

Theoretical plate numbers N and height equivalent to a theoretical plate (HETP)
H are the most important parameters to evaluate the chromatographic separation
efficiency. In section 2.3.1, N was defined by equation 2.4 in general
chromatographic method, which indicated the equilibrium steps derived from
chemical engineering concept. Therefore N was calculated from the chromatogram. In
our experiment, HETP is defined by equation 4.2, where i is the cycle number, 7 is 9

mm.

C2emerei

H, (4.2)

The rhodamine B and fluorescein peaks are simulated and sorted into two
separate groups as shown in figure 4.21. Since the peaks are simulated with Gaussian
function and normalized with the same peak width w;, (s), N and H are calculated and
listed in section B.3 for both fluorophores. The peaks after 15 cycles still contribute to

H and N calculations, albeit the intensity is already too low to be seen in figure 4.21.

Increasing N and decreasing H both lead to increasing separation efficiency. The
trends are plotted in figure 4.22 against cycles. The decreasing rate of H slows down
after several cycles. N increases with number of cycles linearly. For fluorescein,
theoretical plate numbers N increase with the rotation cycles from 102 to more than

1000 during the whole separation process. N increases to 295 in the fifth cycle, where
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the two dyes have been partly separated according to the chromatogram. The
maximum theoretical plate number is around 1000 after 20 cycles. At the same time,

H decreases from 1700 um to 1220 um, which also indicates increasing separation

efficiency N (A)
’_\2,
2 j\
®© g j\}\j\f\j\/\/\)\j\j\;\ . .
g) 0 100 200 300 400
8 )
= (B)
=
o
24
0

0 10 200 300 400

t(s)

Figure 4.21: Simulated peaks of (A) rhodamine B and (B) fluorescein from experiment after
normalized. These peaks are used to derive the parameters for separation efficiency of

both fluorophores.

Rhodamine B shows the same good chromatographic performance. With
improved setup and stationary phase coating, the N value can be increased and

achieve extremely big values.

Besides theoretical plate numbers and HETP, the separation factor a mentioned
in section 2.3.1 is another important parameter to describe the separation ability of the
stationary phase. a should be greater than 1.0 when separation is efficient. The bigger
the a 1s, the more capable is the stationary phase to selectively retain the components.
The changes of a with cycles for both dyes are listed in section B.3. a is defined as o
= tgo/ tr1, Where tg> (s), tg; (s) are the retention time for rhodamine B and fluorescein
respectively. Az (s) is the time interval of two peaks in the same cycle. At can be
used to represent the resolution when the dead time for each cycle is unknown in our

experiment. The increasing time interval illustrates increasing separation efficiency. o
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stays larger than 1.0, which represents that the stationary phase has good stability and
strong separation capability and these abilities can last for at least 400 s during the

whole separation process.
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Figure 4.22: Plate numbers N and HETP changes with rotation cycles for both rhodamine B and
fluorescein. Separation efficiencies for both rhodamine B (red color) and fluorescein
(black color) increase, which is represented by increasing plate numbers (m) and

decreasing HETP (V).

The trends of a and A¢z shown in figure 4.23 indicate that the stationary phase
effectively maintains its separation ability for more than 20 rotation cycles, in terms

of time duration longer than 350 s.

The increasing Aty in figure 4.23 is consistent with trends of N and H shown in
figure 4.22. This proves again that the separation efficiency increases with rotation
cycles. a is bigger than 1.0 throughout the whole separation process, which shows

C18 coating is relative stable and has good separation performance.
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Time interval Atz (m) and separation factor a ('¥) with rotation cycles for both rhodamine

B and fluorescein. The separation efficiency increases with cycles with the increasing
time interval. The separation factor stays more than 1 indicates that the stationary phase

is capable through the whole experiment.

Besides the chromatographic performance, frequency information for rhodamine

B and fluorescein in SDCC is also analyzed with FFT analysis. Their frequency

information is supposed to explain the successful separation with solid frequency

difference.

4.2.4 Frequency Analysis

Fast Fourier transform was used to transfer the time domain information into

frequency domain for better S/N ratio especially for cyclic systems as discussed in

section 3.2.2. In our experiment, FFT were carried out with the help of MATLAB or

Origin 7.0 using the data acquired by digital-analogue converter (ADC, Pico

Instruments). The program process is discussed in section B.4.
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The small periodic peaks, which appear after 20 cycles give important frequency
information in a long time period, although they are not taken into account in the

chromatographic analysis. These peaks are amplified in figure 4.24.
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Figure 4.24: FFT analysis of signals collected for rhodamine B and fluorescein mixture solution in
SDCC. The rotor has a frequency of 0.114 Hz. The periodic small peaks after 300 s

contribute to the frequency analysis.

The frequency information is obtained in figure 4.25. In figure 4.25, the peak at
the rotation frequency (0.114 Hz) attributes to the dirt attached on the rotating glass
plate or the light diffraction and reflection. The band around 0 Hz represents irregular
perturbation within the detection limit. The regularly paced frequency bigger than
0.114 Hz are due to the harmonic peaks companied when FFT is done for a long time

period.
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Figure 4.25: FFT analysis for SDCC experiment. The peak at about 0.054 Hz is assumed to be the

frequency of analytes, which is near to the frequency of mobile phase.

Ideally the separated components should show two separate peaks in frequency
domain graph, but in figure 4.25 only one broad peak is observed at about 0.054 Hz.
This observation is explained in figure 4.26 where pure rhodamine B and fluorescein
with multiple revolutions are compared with the same rotation frequency of 0.114 Hz.
Rhodamine B has the frequency at 0.056 Hz in figure 4.26 (A), which is 0.002 Hz
faster than fluorescein at 0.054 Hz (figure 4.26 (B)).

Therefore, the two frequency peaks are too close to give high resolution in FFT
when their mixture solution is tested. They have 0.002 Hz difference in frequency,
which means a time difference of about 1 s for each cycle. The flow of mobile phase
predominates the movement of fluorophores, and the retention effect of stationary
phase is rather weak, therefore the frequencies are close to half of the rotation

frequency at about 0.054 Hz as shown in figure 4.26.
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Figure 4.26: FFT analysis of signals collected with the rotor at a frequency of 0.114 Hz. (A)
rhodamine B and (B) fluorescein. The frequency difference between the two fluorophores

is only 0.002Hz, which is hard to distinguish in figure 4.25.

Theoretically the resolution of FFT peaks can be enhanced by collecting data for
a longer period of time, as discussed in section 3.2.2. But in our experiment, a longer
testing time doesn’t provide a better resolution. Rhodamine B was taken as an
example with the rotation frequency of 0.114 Hz. Figure 4.27 and figure 4.28

compare FFT analysis of rhodamine B with different time durations.

With longer time, signal at rotation frequency of 0.114 Hz has better resolution
due to more data collected under this stable condition. But the S/N ratio for the
mobile phase flow frequency is reduced with longer period of time, while the peak at
the half of the rotation frequency decreases. The comparison is remarkable with
obvious disturbance signal at rotation frequency as shown in figure 4.27. The mobile
phase flow signal is weakened (figure 4.27 (B)) because more stationary phase

particles disturb the fluid flow in a longer time period.
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Figure 4.27: FFT analysis of fluorescein with rotation frequency at 0.114 Hz. (A) PMT signals for
1400 s and (B) corresponding FFT analysis are compared with time periods of 500 s ((C)

and (D)). Longer time period shows better resolution in the frequency graph.

The disturbance at the frequency 0.114 Hz can be attributed to diffraction or
reflection of the rotation plate, or exceeded dye residue on the plate. A black paper
was attached at the back side of the rotation plate to minimize reflection and

diffractions.

The periodic signals with the rotation frequency were reduced after the black
paper was applied. The data collected in 2500 s in figure 4.28 (A) and (B) has worse
peak resolution and less intensity at half the rotation frequency which concerns the
sample flow frequency, when compared with shorter time period of 800 s (figure 4.26

(C) and (D)). More small peaks show up below 0.057 Hz in figure 4.28 (B) because
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the stationary phase particles keep dropping off when flushed by mobile phase during

rotation.
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Figure 4.28: FFT analysis of rhodamine B with rotation frequency at 0.114 Hz. (A) PMT signals for
2500 s and (B) corresponding FFT analysis are compared with time periods of 800 s ((C)
and (D)). Longer time period shows weaker amplitude peaks, which is opposite with the
theoretical assumption in figure 4.27 because of the CI18 particles peeling off and

introduce more random frequency signals.

The particles flow in the mobile phase with various speeds and unstable flow
conditions. These influences introduced perturbation to cause the small peaks or

bands in the frequency information.

In every case, the fluorescent signals decrease and extinct after a certain time

period. This phenomenon is attributed to the free diffusion and dispersion of

fluorophore molecules.
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4.2 5 Diffusion Coefficient

The existence of analyte concentration gradient forms a temporary boundary
between analytes and mobile phase. Meanwhile, the concentration gradient enables
the analyte molecules to pass the boundary and diffuse into the surrounding mobile
phase. At last, the concentration of analytes will reach equilibrium. Our channel-free

system makes use of the short time period to accomplish separation.

Sample molecules travel through the mobile phase or elute from the stationary
phase during diffusion process. The diffusion effect in chromatographic columns

85 explains

leads to peak broadening and sample loss. The Van Deemter’s equation
the diffusion components in packed column LC, which describes the relationship

between HETP H and flow velocity u (m/s) of mobile phase.

In the Van Deemter’s equation H = A + B/u + Cu, A is the diffusion of sample
molecules into porous path in stationary phase which is called Eddy-diffusion. B/u is
the longitudinal diffusion of sample molecules through the column. Cu represents the
sample molecules diffusion between stationary phase and mobile phase, which is
called mass transfer. With a certain flow velocity u, the A value will reach the
minimum. This flow velocity u will give the packed column LC the highest

separation efficiency.

The diffusion effect in the microfluidic chromatography system also leads to
peak broadening; however the diffusion model is built up based on molecule traveling
freely in the free paths. This model follows Einstein-Smoluchowski equation™
(equation.4.3). The diffusion coefficient D (cm’/s) is defined by the mean free path A
(cm) and the average time between collisions 7 (s).

pr

Flow injection analysis™! and electric field™® in microfluidic devices have been
utilized to study the diffusion coefficient D. In the SDC channel, the diffusion

coefficients for different dyes were measured with static method™”.
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Experiment

In our experiment, the sample molecules were driven by shear force in a circular
track. At the same time, diffusion of sample molecules in all directions was also
taking place. This effect leaded to the expansion of the sample area and peak
broadening. As illustrated in figure 4.29, the tangential velocity of sample depends on

the radius value when the rotation frequency is fixed.

(A) (B)

Figure 4.29: Samples flow profiles by the shear force and the molecules free diffusion paths. (A) The
initial sample area and (B) the sample area after several rotations, the area increase is due

to both shear force in the direction of circular track and diffusion effect in all directions.

Taking rhodamine B as an example, the peak broadening processes are recorded
and the peaks are simulated into a serial of Gaussian curves with the same baseline.
They are used to describe the cumulative spread of small variations during the
diffusion. More details are discussed in section B.5. The peak information such as
peak widths, peak heights and peak areas with cycles are listed with cycles in table
B.5. The peak broadening and peak loss were demonstrated by increasing peak width
and decreasing peak area. The trends of peak width and peak area with rotations are

shown in figure 4.30.

The peak broadening reflects the diffusion in the circular track; however the loss

of the peak area represents the dispersion of molecule out of the circular track. When
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the flow velocity stays the same, the change of peak width can be used to calculate

the diffusion path length. The diffusion time equals to the rotation time.
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Figure 4.30: Peak width (m) and peak area (V) trends of rhodamine B with rotation frequency of
0.114 Hz. Peak area decreases and peak width increases because of diffusion and

dispersion.

The variance of peak width reveals the pure molecule diffusion with time.
Equation 4.4 is derived from equation 4.3 to calculate the diffusion coefficient in our
experiment. In equation 4.4, u (cm/s) stands for flow velocity; o (s) is time variance
which is peak width variance; and ¢ represents the diffusion time, which is the time

difference between the peak maximum positions for the corresponding peak variances.

B (0'-u)2
Y

D (4.4)

The time variance o increases with the rotation cycles, which is shown in figure
4.31. In figure 4.31, the peak variance (o-u)’ is plotted versus time and the slope is
equals to two times of diffusion coefficient D. With the r* = 0.938, the mean flow rate
u is 3.22 mm/s with rotation frequency at 0.114 Hz, the diffusion coefficient D is

calculated to be 6.03 x10° cm?s. Compared with the rhodamine B diffusion
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coefficient measured with static method in aqueous solution™! (4.27x10° cm?/s), D
in our experiment is much bigger. While the diffusion coefficient was measured in a
kinetic system, which enhanced the sample molecules dispersion compared with in
static method. The channel-free condition had less restriction for molecule dispersion

than in micro-channels®”’.

t. (’)u'n

Figure 4.31: Peak variance ( O"u)zwith retention time ¢ for rhodamine B when rotated with 0.114 Hz in

SDCC. The diffusion coefficient of rhodamine B in the circular kinetic system is

calculated to be about 6.03 x10~* cm?/s according to this graph.

4.2.6 Other Applications

SDCC is successful in separating fluorescent dyes not only for rhodamine B and
fluorescein, but also for fluorescein and coumarin 307. Solution of 5 mM coumarin
307 (Ci3H2FsNO,, Radiant Dyes Chemie, Wermelskirchen, Germany) and 5 mM
fluorescein mixture in methanol was injected manually. With the mobile phase of
30% (v/v) water in methanol solution, the resolution of 1.02 is satisfying, as shown in

figure 4.32 (A).

Because coumarin 307 has the excitation wavelength (Ex) at 480 nm and the

emission wavelength (Em) at 530 nm and fluorescein has the Ex at 490 nm and Em at
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520 nm, RET effect doesn’t occur in the chromatogram in figure 4.32 (B). After the
separation, the peak intensities of both fluorescein and coumarin 307 decrease with
rotation cycles. Fluorescein has higher polarity, hence the fluorescein peaks show up
earlier than the coumarin 307 peaks. After five cycles, the fluorescein peaks are
already very weak due to dispersion. The theoretical plate numbers for both

fluorophores are less than 1000.
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Figure 4.32: Chromatogram of fluorescein and coumarin 307 with SDCC. (A) Experimental peaks by
PMT, and (B) simulated peaks by PeakFit v4, red peaks represent fluorescein and blue
peaks for coumarin 307. The red peaks in (B) represent fluorescein and blue peaks are

coumarin 307. The theoretical plate numbers for both fluorophores are less than 1000.

43 Summary

Since delicate mechanical design is critical to validate SDCC, the setup with
better rotation stability was chosen to carry out the experiment. Then both theoretical

model and experimental proofs are introduced in this chapter.

The roughness and thickness of the stationary phase are particularly important

for high performance SDCC separations. The stationary phase coating procedure
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consisted of pretreatment and silanization. Characterization was carried out by WLI
and contact angle measurements. At last, the 2% HF solution pretreatment and

immersion method were chosen to prepare all the C18 coated glass plates.

A novel channel-free microfluidic chromatography system with a rotating plate
described in chapter three has been successfully used for the shear driven circulation
and separation of fluorescent analytes described in this chapter. It is the first time to
report the successful shear driven chromatographic separations within a circular

system[go].

The chromatographic performance was characterized with theoretical plate
number, HETP and separation factor. All of the parameters demonstrated increasing
separation efficiency with rotation cycles, which is the original purpose of SDCC. A
trial to utilizing magnetic particles has given a new idea for the stationary phase

coating. Magnetic particle is a kind of media to help stabilize the siloxane linkage.

FFT was applied to analyze frequency information of analytes in the SDCC
experiment. The assumption that linear shear driven velocity profile makes the mobile
phase move with half of the rotor speed was proven by FFT. The analytes were
retarded by the stationary phase with different extent because of their different
polarities, and their rotation frequencies are therefore also different.

Although mathematical models have been built up for some specialized laminar
flow diffusions in microfluidic system®""%, the kinetic diffusion of microfluidic
flow remains a big challenge because of the extremely small liquid volume and
delicate micro-structures in the channels. Temperature and pressure are constant in
microfluidic devices; therefore they have little influence on the free diffusion of
sample molecules in our experiment. In the chromatogram, the peak area is
proportional to the amount of sample stayed in the circular track whilst rotating. The
sample loss causes decreasing sample concentration and reduces the peak area. The
photo-bleaching of fluorescent molecules, which contributes to the decay of peak

intensity, accelerates the decreasing of peak areas.
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CHAPTER FIVE: INTEGRATION OF AN
AUTOMATED INJECTION SYSTEM WITH
SEPARATION PLATFORM

51 Introduction of Injection with Micro-channel

Injection system is an important component in the pu-TAS. Due to the small
sample volume usually involved in the pu-TAS, injection system directly affects
the detection sensitivity. Sample pretreatment such as preconcentration is
sometimes applied before injection to enhance the detection limit. The injection
methods can be generally divided into volume-based and time-based sample
injections™. Time-based method is to control the time of the injection process
rather than the volume of the sample. This method is always used to compare the
different injection amount in a group of experiments. Volume-based injection
method needs an injection channel for each different volume; however time-based
injection method needs only one channel for series of volumes. Therefore,

time-based method is more reliable with less system errors.

Meanwhile, time-based method has more flexibility in chip designs, when the
injection is not defined strictly by the geometric design as in the volume-based
method. For both methods, the hydrodynamic and electrokinetic injection models

have been built up to accomplish different tasks.

More specific injection methods have been studied to optimize the injection
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step in the u-TAS. For example, in micro-channels, the pinched electrokinetic
injection method can focus the microfluidic flow to reduce band broadening and
decrease sample leakage”*1°®). Hydrodynamic pinched injection method has been
developed recently””*” to overcome the side effects occurred when the electric
field applied in the micro-channels made of polymer, because the polymer surface
would carry electric charge in electric field and interfered the microfluidic flow
[100]

profile. Other examples such as injection in parallel arrayed narrow channels

spontaneous spray injection for CE!M®'! optically gated sample injection in

102] 103]

multi-channel system''"?, and gravity driven flow injection! all belong to
continuous injection, which is the dominant injection method for both time-based
and volume-based injections. Recently, evaporation driven transportation of water
to microfluidic networks based on mimicking the function of plant leaf was

reported to have a potential application in a microfluidic system!'*¥.

In shear driven linear chromatography, an automated hydrodynamic injection
method with micro-channel was developed!'®”. The sample plug was injected and
transported by a movable wall to the separation channel. In this experiment,
hydrodynamic injection method is tried in both models: with micro-channel and

without micro-channel.
5.1.1 Fabrication of Micro-channel

The square soda lime glass plates (Nanofilm, Westlake Village, CA, USA)
with the size of 76.2 mm X 76.2 mm used as the mask are pre-coated with 5300 A
positive photoresist (AZ 1518, baked at 103°C for 0.5 h) layer, which is on top of

a 100 nm chromium layer.

The fabrication of glass chip consists of photolithography and HF etching as
shown in figure 5.1. In the photolithography step, the chip design was drawn with
AutoCAD 2004 and printed out on a plastic film as a photo mask. The photo mask

was placed on the coated glass plate and exposed under the MEGA UV Exposure
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Unit LV 202E (RS, Corby, UK) for 5 s. After the exposure, photo mask was
restored immediately in the protective holder to keep it away from being polluted
by the solution. The exposed glass plate was developed for 60 s by a standard
developer solution with 20% (v/v) Microposit 351 Developer (Shipley Europe
Ltd., Coventry, UK) in ultra pure water (Merck, Germany) to remove the
photoresist layer. Then the glass plate was rinsed with bidistilled water and dried
with nitrogen, and immersed into chromium etching solution (Lodyne, Microchem
Systems Ltd., Coventry, UK) to remove the chromium layer. After both the
photoresist and chromium function layers were removed, the glass plate was
rinsed with bidistilled water and dried with nitrogen gas again. This glass plate

prototype can also be used as a photo mask to produce more glass plates.

UV light

l_1__. ™

E chromium layer

glass substrate
exposure

1

development of photoresist

I

development of function layer

—= =

HF isotropically etching

Figure 5.1: Photolithography and HF etching processes with soda lime glass. After exposed under
UV light, the photoresist layer is removed firstly, and then the function layer with
chromium is removed by etching solution. The glass chip is etched with 5% (v/v) HF

in water solution at last.

&9
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After the photolithography step, the chip design was ready on the glass plate.
In the next step, HF etching was carried out by immersing the prepared glass plate
into a diluted HF solution with a concentration of 5% (v/v) in water solution. The
substrate was isotropically etched with a certain rate depending on the HF

concentration.

Theoretically, wet etching of glass is an isotropical etching process. This
means that the process features the channel width wider than the mask width as
shown in figure 5.2. The bottom of the channel stays smooth and optically
transparent. The under-etching occurs under the chromium layer, which has the
same etching rate with the in-depth etching. The width of the channel is more than
twice the depth of it, and the corners are rounded. The degree of under-etching W
(um) is equal to the channel depth d (um). And the channel width Wenip (um) can
be calculated by Wenig= Winask + 2d.

Figure 5.2: Tllustration of etching effect under the mask. The width of the channel is more than
twice the depth of it, and the corners are rounded. The degree of under-etching W
(nm) is equal to the channel depth d (um). And the channel width Weyp (um) can be

calculated by Wenig= Wag + 20.

The HF solution was recycled in the experiment; and the etching rate was
recorded as a standard for the HF concentration. The etched channel was
measured by microscope (Nikon, Japan) and the depth was equal to the

under-etching width on both sides of the channel.
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At last the rest part of the glass with photoresist and chromium layers was
removed with Dimethylformamide (DMF) and chromium etching solution. All the
development solutions were recycled and renewed once a week in our lab. After
the glass plate with channel was fabricated, holes were drilled by the metallic drill
(Proxxon Micromot System GmbH, Germany) with the head of 1 mm in diameter

and drill press (Micro Miller MF 70, Proxxon, Germany) for tubing connection.

After the fabrication, glass plate with the injection channel was tested.

5.1.2 Injection Control

Rotation experimental arrangement A discussed in section 3.1.2 was used to
integrate the injection system. The rotatory motor with vacuum pump was placed
on top of the stationary stage. Restricted by the experimental arrangement, the
injection tubing could not rotate with the rotor. Therefore, the injection channel
was fixed with the stationary stage and the injection was introduced with the inlet

and outlet reservoirs from the bottom (figure 5.3).

Experiment:

The injecting and withdrawing syringes were held by a mechanical pump
(Technical & Scientific Equipment GmbH, Germany). Two different types of
tubing were used: silicon tubing (Cole Parmer Instrument Company) and capillary
PEEK tubing (Western Analytical Products, CA, USA). The syringes were
connected to the glass plate with silicon tubing, which was glued to the syringe on
one side and connected to the micro-channel by capillary tubing on the other side.
The inner diameter of the capillary tubing is 50 um and the outer diameter is 350
um. The capillary was fixed by epoxy resin (Araldite, Germany). At last, the glass
plate with silicon tubing was heated to 70°C in the oven for at least 2 h to firm the

resin.
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Time-based injection method was utilized in the experiment. The volume of
the sample injected was controlled by the injection rate and injection time. The
injection process consisted of two steps: channel-filling and sample transportation.
After the micro-channel was filled with sample solutions, the injected portion was
transported by the cover glass plate to the separation track which was 14 mm
away from the injection position. This movement was carried out by the rotation
glass holder made by ISAS workshop. The rotation glass holder was designed to

hold the round glass plate and move linearly towards the bottom glass plate.

The moving distance and velocity were controlled by tuning the screw
manually. The whole hydrodynamic injection setup is illustrated in figure 5.3,

with the magnified injection part with inlet and outlet tubing.

im——>14 mm
vacuum pump

rotation holder
stationary ith glass plate

Stage With Il e evheeasonssreoa o same e ba e e easee s aae s e eae s st e s e et e et e e s -

glass plate

inlet

-3

‘
microscope RUT Controller
---------------- i;a.

Figure 5.3: Schematic illustration of injection setup. The injection is carried out with inlet and

outlet tubings.

Two chip designs with different channel lengths of 5 mm (figure 5.4 (A)) and
7 mm (figure 5.4 (B)) were drawn with AutoCAD 2004. The channel widths were

both 0.5 mm. Channels were aligned 25 mm from one side of glass plate
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according to the experimental arrangement.

(A) (B)

Figure 5.4: Chip design for injection channels with channel widths of 0.5 mm and different

channel lengths of (A) 5 mm and (B) 7 mm. Unit: mm.

In order to acquire images with better contrast by the CCD camera, the
photoresist and chromium layers on the rest parts of the glass plate were kept.
Therefore only the fabricated channel was transparent. Using the standard wet
etching method described in section 5.1.1, the injection channels in our
experiment were fabricated to be about 20 um deep. The width of the channel was
0.54 mm (0.5 mm + 40 um) according to the description in section 5.1.1. The flow
velocity was determined by the pushing and withdrawing pressures applied at both

ends of the channel.

Results and Discussions:

Due to the limitation of microscope observation, only a small part of the
whole channel with the length of 5 mm was able to be recorded, which was about
1.5 mm (figure 5.5). Considering capillary force effects between the two
hydrophilic glass plates, the outlet rate (27 mL/h) was set to be three times as fast

as the inlet rate (9 mL/h) to drive the injection stream to flow in the desired
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direction. Although most of the injected sample flows in the channel, the leakage
flow out of channel is unavoidable (figure 5.5). The stream flows with a parabolic
head and broad shoulders. The flow profiles from 1Is to 4s reveal that in the
unsealed channel system, the capillary force is unavoidable due to the slit distance
between the two glass plates. The injected sample liquid firstly disperses and fills
the gap around the inlet reservoir, then flows towards the outlet reservoir driven
by the pressure difference. The existence of 20 um deep channel is not able to
prevent the microfluidics from flowing outside. However, the main flow direction

was well controlled in the experiment.
; :

Figure 5.5: Chronological images of injection flow profiles in the 5 mm long channel, which is 20
pum in depth and 0.54 mm in width. From 1 s to 4 s, the microfluidic flows along the
channel from inlet to the outlet reservoir. The leakage flow out of the channel is

obvious even with higher outlet speed and lower inlet speed.
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Injection flow behavior in the channel with a length of 7 mm was compared
with the 5 mm channel. It is found that channel lengths made no obvious changes.
The injected fluid rinsed the area around the channel inlet reservoir and then
moved towards the outlet. With longer flow path, the flow profile had broader

shoulders and the control of flow was poorer.

In order to decrease the dispersion area of sample flow at the inlet reservoir,
the pressure difference applied was increased by increasing the withdraw speed to
45 mL/h. After the injection channel was filled, in some case the air around the

channel was sucked into the fluid flow and bubbles were formed.

Taking 7 mm long channel as an example, the air bubble flow profiles in the
injection channel are shown by time in figure 5.6. The existence of bubble
weakens the quantification function of injection process. The air bubble grows
with time (figure 5.6) because of the lasting unequal inlet and outlet volume, and

no enough liquid is injected to compensate the volume loss.

Another potential problem raised with increased pressure difference was the
thickness change of the space between two plates. The system was not isolated
from the environment. Therefore, when the air between the two glass plates was
sucked to the outlet reservoir, the air outside the system intruded to fill the space.

This unstable condition induced turbulence between the two glass plates.

In order to avoid producing air bubbles, the two-plate system should be
surrounded with the same liquids. However if the injection part is to be integrated
with separation system, the injection part should be immersed in mobile phase
solution, and this will lead to unknown mixing between sample and mobile phase.
Therefore the concentration of sample is unable to qualified and standardized. The

injection system loses its reproducibility and precision.
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Figure 5.6: Bubble flows in the 7 mm long injection channel with injected microfluid. From 1 s to
4 s, the bubble appears and grows with time through the channel. The channel is 20

pum in depth and 0.54 mm in width.

Since the injection with channels showed many disadvantages, the injection
was simplified into channel-free method, which was consistent with channel-free

separation method discussed in section 4.2.

5.2  Channel-free Injection

The experimental arrangement was similar to injection-with-channel method
as shown in figure 5.3, but only one inlet hole was drilled instead of channel with
both inlet and outlet. The sample was injected hydrodynamically through the hole
onto the glass plate. The connection method was the same as described in section

5.1.2.
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Experiment:

In order to minimize the influence of evaporation during the process, water

was used as the mobile phase and all the samples were dissolved in water.

Before the injection, air bubbles in the tubing were driven out until a small
amount of sample came out of injection tubing. After water was perfused on the
bottom plate, the other glass plate was laid on top carefully to extrude the air

pockets.

The sample was injected by syringe with a proper injection velocity, and the
injection volume was controlled by the injection time. The injection velocity is to
be optimized with experience. Because the sample solution in the tubing would
mix with water and diffused to the water film when injection was too slow. On the
other hand, too fast injection led to sample springing out suddenly when the cover
glass plate moved at the beginning of the transportation step, while the back
pressure was too high when the volume changed within such a short time in the

silicone tube.

After injected, the sample was transported into the separation track by the
cover glass plate, with a proper moving speed. The speed was also to be optimized
with experience. If the cover glass was moved too fast, some samples had no time
to travel along and stuck to the bottom plate to leave a “sample trail”. This led to
the sample loss. If the sample was transported with too low speed, the dispersion
of sample molecules induced that the area of sample solution expanded
enormously when it arrived at the separation track. Therefore the peak width was
wide and peak shape was poor from the beginning of the rotation process. During
the transportation, the cover glass plate should be kept strictly parallel to the
bottom one to ensure that the cover glass moved smoothly. Otherwise the sample
flowed away out of the detection window because of the perturbance. At last, the

injection quality was checked when the motor started to rotate.
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Results and Discussions:

2 uL of 5 mM amino black 10 B (C;H4aNgNayO9S,, Merck, Germany)

solution in water was injected and the transportation process was recorded by the

CCD camera as shown in figure 5.7.

Figure 5.7: Transportation and rotation process of amino black 10 B dye solution after the
channel-free injection in a chronological order from (A) to (D). Mobile phase is water
and the rotation is anticlockwise. Before the rotation starts, the diffusion is not fierce

and the boundary between dyes and mobile phase is still clear. That means the

transportation step is effective.

Without an outlet, the injected sample only diffused statically before the
transportation process began. After the dye was injected (figure 5.7 (A)), this
portion was transported to the separation track in figure 5.7 (B), and the area

expanded during transportation because of dispersion. When the rotation started,
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the boundary became unclear and the sample started to merge into the mobile
phase in figure 5.7 (C) and (D). These pictures indicated that the transportation
was effective and the dispersion of sample molecules was not prominent

compared with the dispersion occurred in the following rotation process.

Furthermore, the injection was integrated with rotation process. 2 puL of 5
mM fluorescein sodium salt in water solution was injected and the fluorescence
was recorded when rotation step began. The frequency of rotatory motor was 1.41
Hz. The CCD images of the whole injection and rotation processes are discussed

in section C.1, and the PMT signals are shown in figure 5.8.
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Figure 5.8: PMT signal for fluorescein injection and rotation. From 0 s to 65 s, the samples are
transported from the injection track to the separation track. From 65 s on, the samples
are rotated in the separation track. The fluorescence intensity increases suddenly to

maximum indicates that the transportation step is effective.
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As shown in figure 5.8, the whole process including injection and rotation
lasted for longer than 90 s. At 0 s, 2 pL fluorescein samples were injected between
two glass plates hydrodynamically through silicone tube. From 0 s to about 65 s
was the transportation step before the injected sample reached the observation
region. Some small peaks on the PMT diagram from 0 s to 10 s were due to the
perturbation occurred when the cover glass plate moved with the rotatory motor.
At about 65 s, the sample was transported to the destination successfully and the
fluorescent intensity increased quickly to maximum. The sharp increase indicated
that only limited amount of sample dispersed in to the mobile phase and the
concentration stayed in high level. The boundary between the two different liquids
was still clear after transportation step. When the rotation started, the peaks

intensity decreased with time because of sample dispersion.

5.3 Summary

A semi-automated hydrodynamic injection system was built up in order to
quantify the sample injection and enhance experiment reproducibility. In previous
SDCC work”, the injection channel was designed across the annular separation
channel in microfluidic system, which led the sample to remix with the residue in
the injection channel with each cycle and produced artifact peaks. In order to
eliminate the artifacts, sample transportation distance of 14 mm was introduced to

keep injection and separation tracks apart.

Microfluidic channels fabricated in glass substrate were tried firstly and the
channels were not capable of preventing the flow leakage. Hence, channel-free
injection method was chosen due to its better performance and geometric fitting to
the following channel-free separation step. With the channel-free injection, the
free interfacial diffusion of molecules maintained the concentration of the
injection sample during transportation in only a short time period before rotation.

Fluorescein was successfully injected and transported to the separation track with
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considerable reproducibility.

The channel-free injection system demonstrates its potential to approach

closer to automation.
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CHAPTER SIX: SUMMARY AND OUTLOOK

6.1 Summary

The miniaturized separation techniques are blooming in analytical sciences for
chemical, biological, and pharmaceutical applications. Their advantages in cutting
down the consumption of analytes, simplifying operation processes, and their
flexibility for integration are well recognized. The achievements of this research
project exposed an application possibility of a novel microfluidic separation method
in u-TAS separation platform. This microfluidic separation method “channel-free
shear driven circular liquid chromatography” is introduced as a cyclic liquid

chromatography technique into u-TAS.

In order to validate the channel-free shear driven circular liquid chromatography,
a rotating microfluidic system was established with two different designs. Soda lime
glass is chosen to provide the microfluidic environment for its optical transparency
and adequate mechanical hardness. One round glass wafer laid on the top of another
square glass plate forms a channel-free microfluidic system. The rotation movement
is accomplished by a rotatory motor which holds the upper glass plate. The stable
rotation condition including constant rotation frequency and constant thickness of
liquid film is critical in carrying out successful separations. Meanwhile, the
centrifugal force has to be eliminated with low rotation frequency to keep the sample

in the separation track, when no micro-channel exists.

Firstly, the two setups were tested to investigate their stabilities and potential
application abilities. The property of the bottom glass surface was measured and

compared after rotation. With one setup, many scratches showed up and indicated the
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changing thickness of liquid film; and the upper glass plate has motion freedom in x-
axis. Therefore this setup is not suitable to realize shear driven circular liquid
chromatography, however it can be used to integrate the channel-free injection part
with the separation system. Because this setup can provide higher rotation frequency,
the fluorescent particles were studied to verify the influence of centrifugal force was
insignificant. Furthermore, FFT was used to extract frequency information from
periodic signals in our rotating microfluidic system. The other setup has superior
rotation stability in keeping the glass surface smooth and keeping the rotation
frequency constant. Therefore it was chosen to carry out chromatography experiment.
The thickness of the liquid film was measured to ensure that the scale was in the um
range and the microfluidic properties were applicable. After the preliminary
experiment with fluorophore solutions to check the feasibility of chromatography
application, channel-free shear driven circular liquid chromatography was validated.
The C18 stationary phase coating was optimized with adequate stability and superior
roughness and thickness. Magnetic powders were also utilized for C18 coating. With
the optimized rotation frequency and sample concentrations, two model fluorophores
rhodamine B and fluorescein were successfully separated. The separation efficiency
was proved to increase with cycles, with the increasing theoretical plate numbers,
decreasing HETP, and increasing separation factors. The resonance energy transfer
effect accompanied with the separation of rhodamine B and fluorescein was studied
and the FFT analysis was investigated in details as well. Fluorescein and coumarin

307 were separated as another example to validate SDCC.

After validation of SDCC, the diffusion coefficient of rhodamine B was
measured as an example to explain the fast extinction of fluorescent signals after a
certain time period. The fast dispersion of sample molecules restricted the application

of channel-free system.

At last, an automated channel-free injection system was integrated to the
separation system. In order to eliminate the remixing of samples during rotation, the
injection reservoir was designed to be 14 mm away from the separation track.

Fluorescein solution was successfully transported to the separation track. Although
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the reproducibility needs to be improved, the injection system demonstrates a
promising prospect in integrating automated injection and detection units with the

SDCC system.

6.2 Outlook

Since SDCC is used as a separation platform in u-TAS, the future SDCC device
should be fabricated with smaller size and be able to accomplish analytical tasks with

reliable precision.

Firstly a more stable rotating microfluidic system is considered to improve the
reproducibility. The magnetic levitation principle can help to build a new rotating
system, which provides circular shear force between two magnets by rotating the
floating magnet. A number of commercial products have been manufactured with
magnetic levitation system, such as the floating train and floating bed. This kind of

system is assumed to have more flexibility with reliable stability.

As shown in figure 6.1, the rotation glass plate can be fixed with the floating
ring magnet and the stationary glass plate is laid underneath. The repulsing force
produced by the ring magnetic dipoles and the weight of the rotatory system will
reach balance. This balance holds the upper part floating above the stationary stage,
and keeps the distance of the space a constant. The distance can be tuned by changing
the strength of magnetic field or the weight of the rotatory part. The magnets always

tend to align their axes to be parallel with the magnetic field.

This setup gives more flexibility for the liquid thickness between two glass
plates. Meanwhile, the floating system will not damage the glass surface even if the
glass plates are not strictly parallel. But in the X- and Y- axes, once the position is
fixed according to the layout of the magnetic dipoles, it is hard to move. This stability

relies on the nature of magnets.
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S | S . Rotatory glass plate

5 [

== Stationary glass plate

Figure 6.1: Illustration of magnetic levitation setup for shear driven circular rotating functions, two
ring magnets are aligned to provide the rotating space. The rotation frequency can reach
extremely high and the thickness of the mobile phase film can be decided by the strength
of the magnetic field.

There are many possibilities to introduce rotation motion. With the setup shown
in figure 6.1, a mechanical rotatory motor can be attached with the floating glass plate.
Applying a two-phase or three-phase rotating magnetic field like in magnetic motors'
can also provide rotation with high frequencies. Because the friction is small in

magnetic levitation system, the rotation motion will be smooth and stable.

As for SDCC performance, some promising improvements are supposed to
enhance the separation efficiency, such as reducing the thickness of both mobile
phase and stationary phase, operating in a particle-free environment, and introducing
transverse optics which can provide a long detection path across the miniature liquid

film.

When the stationary phase coating is improved with reliable reproducibility, the
isotherm which is the adsorption equilibrium of the stationary phase under certain
temperature can be investigated. Isotherm represents the correlation of the absorption
conditions of the stationary phase with different mobile phase concentrations!'*”. As
a standard to characterize the thermodynamics in stationary phase, isotherm reflects
the effective internal surface areas of the stationary phase, which is normally

expressed by the total adsorbent load volume.

! http://www.tpub.com/neets/book5/18a.htm
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In the future work, the separated analytes is considered to be led to flow out of
the SDCC separation platform and collected for further detection and usage. A
collection system is placed with a certain distance away from the separation track.
The separated analytes are transported to the collection position by the cover glass

plate. Then the mobile phase is injected to flush the analytes out, as illustrated in

figure 6.2.
Outlet :
Separation Collection Inlet
tl'aCk System "Ymussssssssrassassassassnsnnsnansasnne?

Figure 6.2: Tllustration of collection system integrated with separation system for future SDCC
applications. After the analytes are separated, they can be transported to the collection

track and led out by pressure.

With the collection system integrated, SDCC method could broaden its

applications.

Lastly, for the channel-free injection, the technique of “micro-plasma writing”
can be used to define the flow track and direct the microfluidic flow. This technique
changes demanded parts of hydrophobic surface into hydrophilic with a dielectric
barrier discharge microplasma jet. The silanized glass surface is activated by the
microplasma jet like “writing on a paper” to form hydrophilic microchannels. Here,
hydrophobic boundaries provide so called “virtual walls” for surface-directed
capillary flow. The results are shown in figure 6.3 (A)!"°"). Another kind of surface
directed flow method firstly reported in gas-liquid system!'®® (figure 6.3 (B)) can be
applied in liquid-liquid system, because the aqueous flow can be confined to the

hydrophilic pathways and other organic sheath flows can be directed in the
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hydrophobic pathway. The channel wall is established between hydrophilic surface
and hydrophobic surface. The channel-free method can be simplified by means of

surface fabrication.

(B)

(A)

Figure 6.3: Ways to define microfluidic flow for potential channel-free injection method by utilizing

[107] [108]

the (A) surface modification'" " and (B) immiscible properties' - of the flows.

By successfully integrating channel-free injection and automated analytes
collection steps, the application of SDCC in chemical industries, clinical diagnosis,
pharmaceutical separations, and other high efficiency separations in life sciences can

be appreciated.
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APPENDIX A: ADDITIONAL INFORMATION ON
MICRO-FLUIDIC ROTATING SYSTEM

A.l1  WLI Measurement

Two setups have been designed and built for micro-fluidic rotating purpose.
Since the upper glass plate was fixed by vacuum with rotatory motor in design A,
the upper glass plate was not strictly parallel to the bottom stationary glass plate.
After rotating for 5 minutes, the depth of scratch was measured by WLI and
shown in figure A.1. Scratch edge with a depth of more than 1 um demonstrates
the fierce friction. This observation helps to choose design B for the SDCC

experiment.

Figure A.1: WLI pictures of uncoated glass surface after rotating for 5 minutes with design A. The

scratch is deeper than 20 um.

A.2  Structure Drawings of Two Designs
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Figure A.2: Drawing of design A with a homemade rotor.
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Figure A.3: Drawing of design B with a PI stepping motor.
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A.3  Oil-water System

Figure A.4: Oil-water phases after rotation, (A) glass surface without coating and (B) glass surface
modified with dimethyl-dichlorsilane ((CH;),SiCl,, Merck, Germany). The oil

droplets distribute in the water phase evenly.

Immiscible phases such as oil and water were examined under rotating shear
force in our system. Rotating shear force drove the droplet to disperse. The droplet
shape and size on different surfaces were compared in figure A.4. Uncoated glass
surface had low surface tension, and the size of oil droplets in water was big. The
oil droplets were much smaller with surface coated with dimethyl-dichlorsilane

due to high surface tension.
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APPENDIX B: ADDITIONAL INFORMATION ON
SHEAR DRIVEN CIRCULAR LIQUID
CHROMATOGRAPHY

B.1  Contact Angle Measurements

Table B.1 compares the contact angles by treating with different immersion
methods for different durations of time. Table B.2 shows the contact angle
changes when the glass surface was treated with vapor deposition method. From
table B.1, we can see the time of immersion does not largely affect the surface
properties, which indicates that the siloxane linkage takes place immediately with
fresh prepared soda lime glass and the standard deviation (SD) are acceptable (<

2%).

113



Microfluidic Separation: Validation of Shear Driven Circular Liquid Chromatography

Table B.1: Contact angles of glass plates treated with different immersion methods for different

measured twice.

time durations, three places are randomly chosen and each glass plate sample is

Contact angles (°) Average | SD
©)
Left 113.03 11545 115.57 117.62 117.52 11546 | 113.59 | 0.94%
Right 11228 111.26 113.24 109.75 112.24 109.60
Average 112.66 113.36 11441 113.69 114.88 112.53
Left 108.84 110.70 111.32 113.22 113.15 114.43 110.72 | 1.17%
Right 108.86 110.52 110.30 107.80 108.82 110.62
Fresh Average 108.85 110.61 110.81 110.51 110.99 112.53
made Left 111.75 11581 116.34 116.30 114.54 114.89 | 113.20 | 1.23%
Right 112.49 113.45 110.55 11297 110.26 108.99
Average 112.12 114.63 11345 114.64 11240 111.94
Left 106.93 104.81 106.71 108.92 10636 103.79 | 107.53 | 1.35%
Right 108.45 110.79 106.88 110.80 108.11 107.86
Average 107.69 107.8 106.80 109.86 107.24 105.83
Left 109.92 109.78 109.15 108.85 112.76 110.80 | 109.32 | 1.60%
Right 111.31  112.23 107.47 10547 108.35 105.70
Average 110.62 111.01 108.31 107.16 110.56 108.25
Left 105.74 108.73 107.64 11242 11549 111.34 | 107.92 | 2.30%
Right 104.83 105.57 105.74 103.93 108.66 104.93
After Average 10529 107.15 106.69 108.18 112.08 108.14
24h Left 116.71 11896 115.64 116.77 118.60 116.22 | 114.46 | 0.99%
Right  111.08 111.93 11148 111.84 113.23 111.02
Average 113.90 11545 113.56 11431 11592 113.62
Left 10591 104.30 104.87 105.52 10593 10625 | 10591 | 3.25%
Right 103.24 103.36 101.69 102.04 116.09 111.68
Average 104.58 103.83 103.28 103.78 111.01 108.97

'a. 1 s in C18 solution and 10 s in pure toluene.

b. 10 s in C18 solution and 10 s in pure toluene.

C. 1 hin C18 solution and 10 s in pure toluene.

d. 1 hin C18 solution and dilute with pure toluene, avoid contact of air.
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Table B.2: Contact angles of vapor deposition methods. The contact angles decrease from 100° to

60°, which means the coating is unstable.

Contact angles (°) Average (9 SD
Left 119.40 100.58 89.93 120.87 115.62 120.43 108.32 11.85%
Right 113.86 98.86 86.56 111.50 107.96 114.32
Fresh Average 116.63 99.72 88.25 116.19 111.79 117.38
made Left 10423 101.32 96.52 103.98 100.89 87.45 97.79 5.92%
Right 10045 98.78 90.13 104.86 9522  89.67
Average 102.34 100.05 93.33 10442 98.06 88.56
Left 5849  61.11 62.09 4893 4821 47.25 52.78 2.48%
Right 4698 5041 49.67 54.68 52.53 53.27
After Average 5274 5561 5588 51.81 50.37 50.26
24h Left 63.49 6258 64.68 5879 61.04 60.62 60.49 0.51%

Right 56.93 59.77 56.66 60.64 60.61  60.02
Average 60.21 61.18 60.67 59.72 60.83  60.32

B.2  Programin PICO

Here only those commands used in experiment are chronologically listed

below.

When the stepping motor fits precisely with the bottom glass plate in special
position, DH was used at first to define the current motor position as the zero
position (home position). This is very important because the position of motor
should be precisely defined to meet the construction of the setup. Then the
following rotation step started. SV n (0 <n < 65,535) was used to set velocity to n
counts per second. MR n (-1,073,741,823 < n < 1,073,741,823) meant to move
(rotate) the stepping motor to a certain position. At last, GH was to move the

motor back to the defined home position for the next experiment.

The command SV 50000 was measured to be 0.114 Hz and the value of SV

was proportional to frequency.
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B.3  Chromatographic Performance

Table B.3: Theoretical plate numbers N and HETP H values of rhodamine B and fluorescein. The

base width of the peaks is 10163 ms for both rhodamine B and fluorescein after

normalization.

i 1 2 3 4 5 6 7
rhodamine | , ng) | 37896.96 55099.97 72479.59 9011076 107410 124670 142540
B H(um) | 228656 192294 173643 161770  1549.73 150247  1454.66

N, 74 118 163 210 255 301 350

i 8 9 10 1 12 13 14

12 (s) 159840 177770 195070 212290 230220 247580 265520

H(um) |1428.17 1397.07 1380.8 136829 134933 133937  1324.97

N, 396 445 491 537 586 633 683

i 15 16 17 18 19 20

tg (ms) 282880 300820 318190 336140 353510 371470
H(pm) 1317.78  1306.41  1301.02  1291.72  1287.61  1279.82
N; 729 779 825 875 922 972

i 1 2 3 4 5 6 7
fluorescein | ; (1) 44491.55 62088.41 80037.94 97522.14 115430 132820 150780
H{um) | 1658.96 151443 142396 1381.16 1341.86 1323.74  1300.01
N, 102 149 198 246 295 342 391

i 8 9 10 1 12 13 14

tg (ms) 168170 186140 203440 220770 238760 256120 274100
Hy(pm) 1290.19  1274.25  1269.52  1265.19  1254.53  1251.54  1243.29
N; 438 488 534 581 63 677 727

i 15 16 17 18 19 20

tg (ms) 291470 309440 326820 344800 362170 380140
Hy(pm) 124125  1234.64  1233.22  1227.65  1226.77  1222.10
N; 774 824 871 921 968 1017

The changes of Atz and o are plotted in table B.4. In 20 cycles, the At
increases from 6600 ms to 8670 ms. But the a value decreases from 1.17 to 1.03
because the stationary phase is dropping off when the mobile phase flows and

flushes.
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Table B.4: Separation factor a and time interval A¢; with rotation cycles for both rhodamine B and

fluorescein, which are calculated from the peaks silmulated in figure 4.19.

i 1 2 3 4 5 6 7
tr;(ms) | 37896.96  55099.97  72479.59  90110.76 107410 124670 142540
tro(ms) | 44491.55  62088.41  80037.94  97522.14 115430 132820 150780

Atg(ms) | 6595 6988 7558 7411 8020 8150 8240
a 1.174 1.127 1.104 1.082 1.075 1.065 1.058
i 8 9 10 11 12 13 14

tg;(ms) | 159840 177770 195070 212290 230220 247580 265520
tg>(ms) | 168170 186140 203440 220770 238760 256120 274100

Atg(ms) | 8330 8370 8370 8480 8540 8540 8580
a 1.052 1.047 1.043 1.040 1.037 1.034 1.032
i 15 16 17 18 19 20

tr;(ms) | 282880 300820 318190 336140 353510 371470
tgz>(ms) | 291470 309440 326820 344800 362170 380140
Atg(ms) | 8590 8620 8630 8660 8660 8670
a 1.030 1.029 1.027 1.026 1.024 1.023

B.4  Programin MATLAB

x = data(:,1); [import x axis]

y = data (;,2); [import y axis]

plot (y); [draw intensity graph against time]

Y = fit(y); [fast Fourier transform]

n = length(Y); [calculate data points]

power = abs(Y(1:n/2)).”2; [take the real part of fast Fourier transform]

nyquist = 5; [Nyquist is half of the sampling frequency, so if your sampling
frequency is 10 (10 samples per second), the Nyquist should equal to 5.]

freq = (1:n/2)/(n/2)*nyquist; [define the frequency scale]
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plot (freq,power); [draw FFT graph]

end;
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Figure B.1: FFT comparison for different time intervals, (A) every 0.2 s and (B) every 2 s. the

resolution is better with shorter time period.

According to the discrete wavelet function used in Fourier transform, H
(={ht}) and G (={gx}) are low-pass filter and high-pass filter, which are called
wavelet filter coefficients. The relationship between /; and g is shown in equation
B.1. They helped to define the smoothed coefficients C?” and the differential

coefficients D” as shown in equation B.2 and equation B.3".
g =(D"h D =1, =0 (B.I)
k k
CV=N2-3(Cl ) (B2)

D(j) = \/E'Z(Ci{;lgn—2k) (B3)

When H and G are applied to C(0) of finite length N, C(1) and D(1) at level 1

! http://www.eso.org/sci/data-processing/software/esomidas//doc/user/98NOV/volb/node322.html
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can be generated and the vector C(1) is generated with length of N/2. This process
can be applied repeatedly until the request resolution is obtained. This implies an
interesting phenomenon that the longer collecting time interval between two
points will give better resolution for FFT analysis using wavelet function, which is
shown in figure B.1. The intensity of both mobile phase frequency and rotation
frequency were increased with longer time interval for data collection. And the
S/N ratio increased since the small peaks between 0 Hz and 0.05 Hz were reduced
as shown in figure B.1 (B). But according to the FFT basic rule, the sample
collection frequency should be at least twice the maximum frequency in the

continuous signalz. The sampling frequency limit is called Nyquist frequency.

B.5 Diffusion Coefficient

The peak information was studied for rhodamine B dye when rotated at 0.114

Hz with our channel-free SDCC system.

The peaks intensity is plotted versus time in figure B.2 (A) with the rotation
frequency at 0.114 Hz. Due to the dispersion of sample molecules out of the track,
the sample concentration decreases to lower than the detection limit of PMT. The
peaks height decrease and at last disappear. The peaks are centered on the
temporal position of the peak maximum in figure B.2 (B). In general, the peaks
represent the fluorescent band which flows over the microscope objective. The

distribution of sample molecules defines the band width and shape.

? http://en.wikipedia.org/wiki/Nyquist_frequency
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Figure B.2: Peak shapes for thodamine B when rotated with 0.114 Hz. (A) peaks broadening with
time and (B) centered with maximum peak intensity.

Peak area and intensity decrease rapidly with time in figure B.2 (A). The first
seven cycles are chosen to be centralized in figure B.2 (B). After the 70 cycle, the
shape of the peak is too poor to be analyzed. The details are listed in table B.5.

Table B.5: Peak information from figure B.2 (acquired by Origin 7.0).

cycles

1 2 3 4 5 6 7 8

characters
Peak maximum at (s) 10.8 28.8 46.8 64.8 83 101.4 119.2 137.2
Peak width (s) 4.6 52 6.2 6.8 7.8 8.4 9.2 10.2
Peak height (V) 4.138 2913 2.169 1.71 1.401 1.175 1.016 0.876
Peak area 20.14 16.41 14.22 12.61 11.43 10.52 9.96 9.39
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APPENDIX C: ADDITIONAL INFORMATION ON
INJECTION DEVICE

C.1  CCD Images of Injection and Rotation Process

2 uL of 5 mM fluorescein sodium salt in water solution was injected and the
fluorescence information was recorded by CCD camera when rotation step began.
The frequency of rotatory motor was 1.41 Hz. The images are shown in figure C.1.
When the fluorescein was injected and moved to the objective (figure C.1 (A)), it
took about 0.45 s before the fluorescence disappeared. Starting from the second
cycle (figure C.1 (B)), the fluorescent intensity decreased (at 0.47 s, 1.14 s, 1.46 s,
1.76 s, and 2.03 s), and the duration of fluorescence that can be observed in each
cycle also decreased with time, from 0.21 s (figure C.1 (B)) to 0.12 s in the fifth
cycle (figure C.1 (E)). This indicates the dispersion of sample molecules with

rotations.
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(A
(B)
(D}
(E

Figure C.1: Images of fluorescein rotating at 1.41 Hz after injected with channel-free method. The

rotatory motor rotates clockwise. Images are sorted chronologically from (A) the first

cycle to (E) the fifth cycle. The sample molecules disperse with cycles.
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CE
DFT
FFT
FRET
GC
HETP
HPLC
ISAS
LC
LIGA
MEMS
u-TAS
oDS
PCR
PDMS
PMMA
PMT
RET
RPLC
SCCE
SCOFT
SD
sDC
sDcC
TLC
UTLC
WLI

TABLE OF ABBREVIATIONS

Capillary Electrophoresis

Discrete Fourier Transform

Fast Fourier Transform

Fluorescence Resonance Energy Transfer
Gas Chromatography

Height Equivalent to a Theoretical Plate
High Performance Liquid Chromatography
Institute for Analytical Sciences

Liquid Chromatography

Lithographie Galvanoformung Abformung
Micro-Electro-Mechanical System
Miniaturized Total Analysis Systems
Octadecylsilane

Polymerase Chain Reaction
Polydimethylsiloxane
Polymethylmethacrylate

Photomultiplier Tube

Resonance Energy Transfer

Reversed Phase Liquid Chromatography
Synchronized Cyclic Capillary Electrophoresis
Shah Convolution Fourier Transform
Standard Deviation

Shear Driven Chromatography

Shear Driven Circular Chromatography
Thin Layer Chromatography

Ultrathin Layer Chromatography

White Light Interferometry
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