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Chapter 1 Introduction

1.1 Motivation

Proteomics, the large-scale study of proteins within a given biological sample, continues
to drive the development of analytical technologies that must address substantially
greater challenges than those faced in genomic analysis. Unlike DNA and RNA, no
techniques exist for the direct amplification of proteins, thus detection sensitivity is
paramount for the identification of low-abundance species from limited samples. At the
same time, the dynamic range of typical proteomes can be over 10" [1-4], making the
analysis of low-abundance proteins particularly challenging. Sensitivity and dynamic
range limitation dictate the need for effective separation of protein or peptide species
prior to back-end analysis by mass spectrometry. Such separations can greatly reduce the
dynamic range of individual sample fractions, enabling far more effective and complete
analysis than would otherwise be possible. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) is a well-characterized technology for separating proteins
with differences in molecular weights and charge states and is one of the most common
bioseparation technologies [5-7]. Combining SDS-PAGE with isoelectric focusing (IEF),
two-dimensional PAGE platform further extends the resolving power of the techniques

[8], and has became the standard for proteomic analysis when thousands of constituent
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species must be resolved in a single run. However, 2-D PAGE suffers from several
limitations, including insufficient resolving power and mass accuracy for identification of
typical protein species [9]. Smith et al. introduced a capillary electrophoresis - mass
spectrometry (CE-MS) coupling technique [10] in 1987, with MS used for high mass
resolution measurements of biomolecules separated by CE. In modern proteomic
analysis, MS coupling is an essential tool, enabling accurate protein identification as well

as quantification.

Since the concept of “micro total analysis systems” (uTAS) was proposed in the late
1980’s [11], microfluidic systems have been widely applied in proteomics applications
such as on-chip sample purification, digestion, concentration, and separation [12-14]. At
an early stage, it was recognized that the flow rates used in microfluidics (from a few tens
of nL/min to a few tens of uL/min) were comparable to those used in electrospray
ionization-mass spectrometry (ESI-MS). ESI-MS has become a powerful technique for
the analysis of a large array of small organic molecules, peptides, proteins,
oligonucleotides, and nucleic acids because ESI-MS produces intact molecular ions
directly from the solution phase [15-18]. As summarized in [13], it was believed that the
development of microfabrication techniques allowed the integration of a high number of
electrospray emitters on the same chip to increase the analysis throughput; other
functions, such as sample preparation or separation, may be integrated on the same chip.
These reasons excited an enormous research interest in integration of the coupling of

high-throughput MS with other functions in proteomic analysis.



The advantages of microfluidics, such as short analysis time to limit diffusion, and high
surface-to-volume ratio to reduce Joule heating, make it promising for proteomic studies.
This thesis work addresses the use of microfluidic systems by implementation different
analytical functions such as protein and peptide separation, coupled with MS. Specially,
sample preparation off-line coupling with matrix-assisted laser deposition/ionization —
mass spectrometry (MALDI-MS) can dramatically increase its throughout, which will be

discussed in this thesis work.

1.2 Literature Review

1.2.1 Microfluidics/ ESI-MS Interfacing

1.2.1.1Electrospray Emitters

Microfabrication techniques offer various options for building electrospray emitters:
materials (glass, silica, PDMS, polyimide, etc), size of the microchannel (from
nanosprayer to microsprayer), shape of the outlet, surface chemistry, high-voltage

delivery, etc [13].

A simple way to fabricate electrospray emitters is to insert a sharp capillary spray tip into
microchannel exits by gluing [19], or using a liquid junction [20]. These devices suffer
from large dead volume and are very difficult to use in the fabrication of high-density

electrospray tips arrays since they are not fully integrated with the microchannel exits.

Directly spraying the liquid from a flat or blunt orifice was explored by different groups

[21-23]. This method had the difficulty of establishing a stable Taylor cone since the
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fluid out of the microchannel exit tended to spread over the surface. To prevent the liquid
from spreading, the modifications to increase the hydrophobicity of the channel exits
were reported, either by using a surface coating [21-22], or using highly hydrophobic
polymer materials [23]. These approaches limited liquid spreading, but still would not
maintain the stable positions of Taylor cones. In addition, the lifetime of the surface

coating was limited since damage to coating during the electrospray process would occur.

The nib-shape emitters used to minimize the wetted area demonstrated good
electrospraying characteristics, on silicon by plasma etching [24], on polycarbonate by
laser ablation [25-26], on Su-8 involving the releasing of a sacrificial layer (Nickel) [27],
or an additional layer such as parylene C [20] incorporated to form a sharp tip. These
types of devices provided very good spray stability due to significantly reduction of
liquid spreading, but required complicated fabrication processes or an additional layer,

which hindered the mass production using batch processing.

Therefore, the crucial parameter that affects the generation of stable electrospray was
high hydrophobicity of the outer walls to prevent the solution from wetting the outer wall

and forming a big droplet.

In addition several traditional ways of applying the high voltage for electrospray were
used: a platinum electrode plunged into the solution or a liquid junction used, or a
conductive coating applied at the outer of the emitter. These methods had disadvantages
which relied on either the sample conductivity or the lifetime of the conductive coating.
An advantage of electrospray emitters in microfluidic chip format is that electrodes may

be integrated on the same chip. For example, carbon-pasted electrodes [28] or gold-



coated copper electrodes [29] sat at the bottom of microchannels to apply the high

voltage as close as desirable to the emitters.

1.2.1.2 CE-MS Integration

One of the major driving forces for the development of a MS chip is that a MS chip is not
only an electrospray emitter, but also a tool for implementation of other functions such as

sample preparation, or separations on the same chip [13].

When the electrospray emitter was integrated with CE, a solvent make-up flow was
needed to generate a stable electrospray. Henion’s group used a liquid junction at the
outlet of CE microchannel to allow the application of make-up flow, sheath gas and high
voltage to realize the integration of CE with a MS chip [30-32]. In microchip format, the
make-up flow can be integrated either through a side-arm microchannel [19, 33-37], or

through a porous microjunction [35].

In most microfluidic devices, a big droplet was easily formed at the outlet of
microsprayer [37]. It resulted in the difficulty of directly coupling with MS with the
upstream separation because of the limitation of dead volume, flow rate disturbances

[35], band broadening etc.

At this point in time, all the research reported is still far from exploiting the full potential

of on-chip CE-MS in terms of resolution and sensitivity [13].



1.2.2 Microfluidics/ MALDI-MS Interfacing

MALDI is a soft ionization technology in MS that is used to allow the ionization of solid
phase analyte cocrystallized with an energy-absorbing matrix material on the surface of a
supporting target plate. The term MALDI was coined in 1985 by Karas et al [38]. These
researchers found that the amino acid alnine could be ionized more easily with a pulsed
266 nm laser if mixed with the amino acid tryptophan, which acted as an energy-
absorbing matrix component. Modern MALDI-MS uses a nitrogen laser to ionize
analytes cocrystallized with an organic matrix component [39], and performs a detection

of generated ions typically using a time-of-flight (TOF) MS instrument.

MALDI-MS offers excellent detection limits and easily interpreted mass spectra [40],
which can detect a wide range of sample between ca. 500Da and 300kDa while ESI-MS
detects less than 100kDa. MALDI-MS is more tolerant of salts and other contaminations
than ESI-MS. MAIDI-MS enables on-chip sample preparation steps to be fully
decoupled from the MS-analysis [40]. While simultaneous ESI-MS from multiple
microchannels is generally not practical, the off-line feature of MALDI-MS coupled with
microfluidics may be feasible for parallel deposition of sample from multiplexed

microchannels onto MALDI target.

1.2.2.1 MALDI sample preparation

The efficiency of MALDI-MS was highly sensitive to the sample preparation procedure
such as the matrix/solvent system, substrate material, sample purification, sample

crystallization techniques etc. It was reported that the formation of homogeneous



matrix/analyte co-crystals facilitated the overall ionization process, resulting in reduced
matrix signal and stable and reproducible analyte ion yields. Several different methods
for growing homogeneous analyte-doped matrix crystals have been described in the MS

literature [41-52].

Briefly, the most common MALDI-MS sample preparation techniques included the dried
droplet method [41], vacuum drying method [42], fast solvent evaporation [43-44], two-
layer method [45-46] etc. These approaches involve using pipetting or spotting samples
and matrix solution on MALDI target followed by either air-drying or vacuum drying or
using highly evaporate solvents. Due to an inhomogeneous mixture of analytes
throughout the sample, MALDI users often end up searching for “sweet spots” which
result in high variable analyte ion production as the laser is moved across the sample

surface [45, 47].

One strategy to improve the homogeneous sample is to reduce the diameter of deposited
sample spot, which can be accomplished by modifying MAIDI target surfaces. For
example, hydrophilic target material such as gold was deposited and patterned on top of a
hydrophobic substrate such as Teflon [53], resulting in a reduction in sample spot size.
Similarly, patterned hydrophobic regions can be surrounded hydrophilic target pads to
improve MS analysis sensitivity and resolution [54-56]. SuNyx (Cologne, Germany)
recently reported that a MALDI chip was fabricated by predepositing o-cyano-4-
hydroxycinnamic acid (CHCA) matrix pads arrays with 300nm in diameter onto an ultra-

hydrophobic surface, with detection limits in order of 0.5 amol [57].



In addition, purely physical concentrators have been demonstrated for increasing local
analyte concentration on the MALDI target plates. Nanovial targets first employed a
microfabricated target based on anisotropic bulk etching of silicon to form an array of
inverted pyramidal structures [58], and then square vials with depths less than 300um to
achieve a detection limit in the 10~50 amol range [59]. Similarly, high-density nanovial
array has been fabricated on thermoplastic polymer by using direct milling and cold

embossing techniques [60].

1.2.2.2 Microfluidics/MALDI Integration

One strategy for interfacing microfluidics to MALDI-MS is to deposit sample from a
microfluidic chip onto a standard off-chip target plate. Directly spotting from a
microfluidic chip is feasible but difficult to precisely control the spot volume, at the same

time, it is not feasible for closely spaced array in multiplexed device.

As an alternative to direct spotting, microfluidic dispensers have been reported to deliver
sub-nanoliter volumes of sample or matrix solution to MALDI targets [59-61], either
combined with a microchip-based immobilized enzyme reactor for proteolytic digestion
[59-60], or from a microfluidic 96-element SPE array designed for protein purification

and enrichment prior to MALDI-MS [62].

While the above microfluidic piezoelectric deposition methods were applied for off-line
MALDI analysis, many groups have demonstrated microfluidics coupled with MALDI-
MS for online analysis. A typical method, using the centrifugal force to push the liquid

into an open area to evaporate the solvent, successfully integrated sample concentration,



desalting, elution and crystallization on a compact disk [63]. A rotating ball acted as a
mechanical transport mechanism to introduce sample deposited on its surface to the
ionization chamber, this CE combined with on-line MALDI had been demonstrated in

[64].

To interface planar microfluidics to MALDI-MS, manipulation of sample and matrix in
the liquid phase may be combined with on-chip crystallization. A simple approach
consisted of fabricating open microchannels such that the following CE separation
cocrystalized solid-phase sample and matrix can be rastered by laser after the solvent
evaporated in open channels [65]. Vacuum-driven reaction chips for microfluidics
integrated to online MALD-MS analysis have been reported by Brivio et.al. [66].
Performing such analyses within the vacuum environment of a standard MALDI
instrument without requiring more complex interfaces may be attractive for some

applications.

The Gyrolab MALDI-CD technology (Gyros AB, Uppsala, Sweden) utilized centrifugal
force to realize sample processing steps such as sample washing, elution, and
sample/matrix cocrystallization on a microfluidic disk. Using BSA digest, protein
identification has been successfully demonstrated with three typical peptides detected for
a protein loading level of only 50 amol [67]. An array of nanovials packed with RP beads
preincubated with protein digest was fabricated on a silicon wafer, to combine sample
cleanup and enrichment with on-chip sample/matrix cocrystallization [68]. Wheeler et al.

used an electrowetting-on-dielectric (EWOD) approach to manipulate, mix and deposit



sample and matrix on an EWOD surface coated with hydrophobic Teflon-AF as a

MALDI target [69].

The analysis of low amount sample loading has become increased important in
proteomics analysis. Because microfluidics can serve to limit on-chip analyte dispersion
while enabling efficient sample deposition on MALDI target area matching to the laser
spot size, these platforms offer a path towards improved integration and automation while

providing high sensitivity MS analysis from limited sample [40].

1.3 Dissertation Objectives

Separation techniques combined with high accurate mass spectrometry have gradually
shown great capacity for identification of proteins, with a major impact on bioanalysis.
The literature provided only a few examples on how to successfully couple standard
capillary gel electrophoresis (CGE) with MS, and essentially no insight into the specific
challenges involved in coupling microchannel gel electrophoresis (WGE) to MS. In
addition, many examples of electrospray tips showed the complicated fabrication or poor
electrospray performance. Developing a novel electrospray tips using simple batch
production fabrication technique with good performance is required to integrate uGE

with MS in a microchip.

A primary goal of this dissertation is the development of a microfluidic apparatus for
performing microscale gel electrophoresis coupled with integrated electrospray tips for

either directly interfacing to mass spectrometry through ESI-MS, or off-line coupling to
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MALDI-MS through the deposition of separated analyte onto a MALDI target. Further

development of microfluidics interfacing to MALDI mass spectrometry was explored.

This dissertation includes the following:

Development of novel ultra-rapid plastic microfluidic device fabrication

technology;

Development of a novel electrospray interface, which can be used for other

application in biochemistry analysis;

Development of a gas-phased protein/peptide electrophoretic concentration

method for mass spectrometry;

Development of a microchannel gel electrophoresis separation system coupled

with mass spectrometry via electrospray interface.
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Chapter 2 Background

This chapter introduced the basic principles involved in this dissertation work, including
the principles of gel electrophoresis, free-radical polymerization and electrospray

mechanism.

2.1 Gel Electrophoresis

2.1.1 Principle of Gel Electrophoresis

Electrophoresis is an analytical method frequently used in molecular biology and
medicine for the separation and characterization of proteins, nucleic acids and

subcellular-sized particles like viruses and small organelles.

Hjertén first described the mathematical treatment of gel -electrophoresis [70].
Electrophoresis is defined as the movement of electrically charged particles or molecules
in a conductive liquid medium, under the influence of an electric field [70]. This
movement is due to the Lorentz force that is equal to the multiply of the net charge of the
molecule, g, and the electric field, E. The resulting electrophoretic migration is countered
by forces of friction such that the rate of migration is constant in a constant and

homogeneous electric field:
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V=— (2-1)
The electrophoretic mobility can be defined as

Vep
= — 2'2
Hep E (2-2)

Proteins are usually denatured in the presence of a detergent such as SDS that coats the
proteins with a negative charge. Generally, the amount of SDS bound is relative to the
size of the protein (usually 1.4 gram SDS per gram of protein), so that the resulting
denatured proteins have an overall negative charge, and all the proteins have a similar
charge to mass ratio. Since the denatured protein acts like long rods instead of a complex
tertiary shape, the rate at which the resulting SDS coated protein migrates in the free

solution is not relative to its charge or shape.

CGE is performed in a capillary filled with a network of obstacles, most frequently cross-
linked gels or entangled linear polymers. The space between obstacles forms pores
through which the molecules migrate. The frictional force within a gel matrix is a
combination of factors such as molecular weight, the viscosity of the medium, the
effective pore size of the matrix etc. Hence, among molecules of the same charge-to-mass
ratio, larger molecules move more slowly in the gel and the electrophoretic separation
occurs by size. This mechanism is called as ‘sieving mechanism’. The position of a
protein along the separation length gives a good approximation of its size, and the
measured separation band intensity is a rough indicator of the amount of protein present

in the sample.
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2.1.2 Selecting the Right Gel

Researchers initially used highly cross-linked polyacrylamide (PA) in-situ polymerized
within the lumen of the capillary [72]. Originally this gel cross-linked by thermal
polymerization was not very effective for a variety of reasons: voids left within the
capillary, difficult quality control etc. Recently, many groups explored more precise

control on cross-linked gel formation via ultraviolet (UV) photo-initiated polymerization.

Meanwhile, a range of linear polymers have shown good utility for use in DNA
sequencing and protein separation, including linear polyacrylamide (LPA) [73], poly (N,
N-di-methylacrylamide) (PDMA) [74], and poly (ethylene oxide) (PEO) [75]. These
types of gels were not as rigid as cross-linked PA, so they can be easily replaced.
Moreover, production and characterization of polymer ex-situ has allowed researchers to
adjust polymer physical and chemical properties.

The replaceable gel was first considered in this project because the gel can be easily
replaced after each run. Substantial literature was available describing the use of PEO
gels for capillary and microchannel protein separations, but little was available for LPA
in these applications. In addition, PEO is significantly less toxic than LPA. PEO is a
water-soluble liquid or low-melting solid depending on its molecular weight and has the
structure (HO-(CH2-CH3-O),-H).

When the results using PEO gel was satisfactory, cross-linked PA was also explored in
this project later. The following section will introduce the basic principle of PA

polymerization.
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2.1.3 Principle of Polyacrylamide Polymerization

PA gel, a typical polymer produced by free-radical chain polymerization, is formed by

the co-polymerization of acrylamide (CH>=CH-CO-NH>) 3 water-soluble monomer, with
a cross-linker to form a three-dimensional lattice. The most common cross-linker is N,
N’-methylenebisacrylamide (‘bisacrylamide’ or ‘BIS’ for

short, (CH,=CH-CO-NH-CH,-NH-CO-CH=CH,) ) B|S has two double bonds, which in

polymerization reactions cross-link with adjacent chains of acrylamide. If polymerized in
the absence of a cross-linking agent, acrylamide forms only linear polymers, resulting in

viscous agueous solutions rather than a gel.

The pore size of PA gel is determined by two parameters: total solid content (%T) and the
ratio of cross-linker to acrylamide monomer (%C). The %T is the ratio of the sum of the
weights of the acrylamide monomer and the cross-linker to the volume of solution,
expressed as % w/v. The %C is the weight/weight percentage of total cross-linker weight
in the sum of monomer and cross-linker weights. As the %T increases when the %C
remains constant, the pore size of PA gel decreases. When the %T remains constant and
the %C increases, the pore size follows a parabolic function: at high and low value of the
%C, the pores are large; the minimum is at %C of 4~5% [76]. For example, 30% (%T)
PA gel with 4.75% (%C) has been reported to have an average pore size of about 2nm

[76].
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The mechanism of PA polymerization takes place via free-radical polymerization, which
is a chain reaction consisting of three sequential steps: initiation, propagation and

termination [77-80].

During initiation, the active center of a free radical is often created by the division of a
molecule (known as initiator) into two fragments along a single bond with the energy
provided by thermal processes, microwave or UV radiation processes, or electron transfer
(redox) processes. One advantage of UV radiation is that the formation of free radical
occurs only where the UV light is incident, which can precisely control the
polymerization region. Propagation is the rapid reaction of a radical with another
monomer to form a covalent bond and the subsequent repetition to create the repeating
chain. Finally termination takes place by joining two growing chains to form a single

polymer molecule.

Since precise control of gel location is required in this project, UV-radiation was applied

for in-situ polymerization.

A number of factors must be considered when choosing appropriate photoinitiator for the
polymerization of a biomaterial. Light absorption is described by a = BCI, where B is the
extinction coefficient, C is the concentration of the species, and | is the light path length
[81]. The extinction coefficient, B, a constant for a compound at a specific wavelength, is
an experimental measure of the probability of absorption at that wavelength. The
magnitude of the extinction coefficient depends upon the compound's chromophore, the

chemical moiety responsible for the absorption of light.
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Table 2-1 Wavelengths of maximum absorption and associated extinction coefficient for
typical chromophores found in photolabile compounds [81]

Chromophore | Amax (nmM) Brmax
c=C 195 10,000
C=C 195 2,000

C=C-Cc=C 215 20,000
Benzene 185 60,000
200 8,000
255 200
RRC=0 190 900
280 15
RCOOH 205 60
N=N 345 10
NO, 270 18.5
S=0 210 1500

Specifically, the peak absorption wavelength and extinction coefficient of the initiator,
the reactivity of the initiator toward the other species within the system, and the kinetics
of the photoinitiator all determine the applicability of the system. Typical chromophores
contain unsaturated functional groups such as C=C, C=0, NO,, or N=N. Table 2-1 lists
the wavelength of maximum absorption, and the extinction coefficient at this wavelength
for some chromophores [81]. For example, Azo compounds can be used as
photoinitiators, because the azo group (N=N) absorbs light which peaks at approximately
350 nm to produce two reactive carbon-centered radicals. 2, 2'-Azobisisobutyronitrile
[AIBN, (CH3),C(CN)-N = N-C(CN)(CHj3).] has been used with significant success [82-
83]. However, the low light absorption and associated slow polymerization rate are main

disadvantages of azo compounds.
Often, the free-radical polymerization rate can be simplified as [77, 79]

1 dN
_ - monomer — k N I 2_3
VI dt C [ monomer ] [ ] ( )
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where N is the number of monomers in (kmol) and [] is the concentration in (kmol/m®), |
is the initiator, V; is total liquid volume in m® kc is a constant that is a function of
several factors such as the initiator efficiency, the initiation rate, the propagation rate and

the termination rate.

The increase of the initiator concentration results in the reduction in the average polymer
chain length, accompanied by a rise in gel turbidity and decrease in gel elasticity [84]. On
the other hand, from the above equation, the decrease of the initiator concentration also
causes slower polymerization, which is not desirable as dissolved oxygen in the monomer
solution can begin to inhibit the reaction resulting in more porous or mechanically weak

gels.

2.2 Electrospray

Reduction B

@y @ o
Oxidation G.@@ ® o
® @
Electrons @
+ (;-) TDC Electrons
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Power Supply

Figure 2-1 Basic Principle of Electrospray [90]
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In 1968, Dole [85] first recognized the generation of gas-phase ions of macromeolecules
by spraying a solution from the tip of an electrically charged capillary. Based on Dole’s
idea, Fenn and co-workers [86-88] developed electrospray as a true interface for mass
spectrometry. Electrospray is a method by which a liquid is dispersed into small charged
droplets by applying a high electric potential between a liquid in a capillary tip and a
counter electrode. Today, the use of ESI to introduce sample for MS is a widely used
technique for accurate mass identification in a wide range of biological, biochemical,
pharmaceutical and medical research. In addition, the electrospray method may be

employed to deposit single particles on a surface in nanotechnology [89].

The mechanism of electrospray ionization includes three main steps [90]. First, charged
droplets are formed at the tip of the spray capillary due to the action of the electric field
between the capillary tip and a counter electrode, as shown in Figure 2-1. Due to the
electrophoretic motion of charged particles under electric field, the cations migrate
towards the strongest point of the filed-- the capillary tip surface. Excess charges
accumulate near the end of the capillary and cause the emerging liquid to elongate in the
direction of the counter-electrode; however, the surface tension of the liquid holds the
solution together. Under sufficiently high electric field, the balancing of these two
opposing forces results in formation of the dynamic Taylor cone at the exit of the
electrospray capillary. When the shear force is stronger than the surface tension, a liquid

jet will emerge from which charged droplets are ejected.

The minimal potential required to generate a stable electrospray can be estimated using

the equation [91-94]:
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V,,=A In(ﬂ) /3 /. Ccosd (2-4)
. \Vé

Where V_, is electrospray onset voltage (V), A is dimensionless constant, about 0.5~0.7;
v is the surface tension (Nm™); r.is the capillary radius (m);6 is half angle of the Taylor

cone apex; d is the distance between spray tip and counter electrode (m), and g, is

electrical permittivity in vacuum (C?N™m™). The electric field strength is typically ~10°-

10" V/m [91-94].

When operated in a stable mode, charges emerging from the ESI tips produce a steady-
state current with a magnitude proportional to the rate at which charge leaves the
capillary in the form of droplets. The current depends on the flow rate of the droplets,
surface tension of the solvent, specific conductivity of the solution, and the imposed
electric field [95]. The ESI current provides a quantitative estimate of the maximum
number of available charges that can be converted into gas-phase ions, and substantial

fluctuations in the current are indicators of spray instability and /or electrical discharge.

The second step of electrospray ionization is solvent evaporation from ESI droplets.
When the charged droplets travel towards the counter electrode, their radii decrease as the
solvent evaporates, but their charges remain constant [95]. At a certain point called the
Rayleigh limit, the Coulombic force overcomes the surface tension of the liquid and the
droplet separates into several offspring droplets. This process, called as Coulombic

fission, leads to very small highly charged droplets.
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The final step in electrospray ionization process is gas-phase ion formation. Two main
theories have been suggested, the charged residue mechanism (CRM) [85, 96, 97] and the
ion evaporation mechanism (IEM) [98, 99] although the actual mechanism is not yet fully
understood. The CRM explains that with ongoing solvent evaporation, electrically
charged intact gas-phase ions finally can be obtained due to Coulombic fission. The IEM
suggests that when the droplets have shrunk to a given size (<10nm), direct emission of
ions from the droplets becomes possible. Lately, it appears that both mechanisms apply,

but for different types of analytes.
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Chapter 3 Polymer-based Microfluidics Fabrication

3.1 Introduction

Early work in microfluidic systems involved the fabrication of microchannels on silicon
[100], glass [101], or quartz [102] using microelectronic fabrication technologies such as
lithography, wet chemical or reactive ion etching, and thermal or anodic bonding.
Disadvantages to these types of devices include expensive cost of substrate and
fabrication processes, harmful chemicals involved in the fabrication processes, and poor
surface properties of substrate e.g. molecules stick to silicon. Polymers were extensively
reported by many groups as substitute substrate materials [103] due to their fair
mechanical properties, good optical characteristics and good chemical resistance. Low
cost raw materials and the development of suitable polymer fabrication technologies

provide efficient tools for mass production of disposable microfluidic systems.

A wide variety of polymer materials, used for microfluidics including PDMS, PC,
PMMA, polyamide (PA), poly (p-xylenen) (parylene), cyclic olefin copolymer (COC),

polyethylene (PE), and polystyrene (PS), were well reviewed in [103].

The polymers differ in their mechanical properties, optical characteristics, temperature
stability, chemical resistance and biological characteristics. When choosing a polymer

substrate, the properties of the materials are important for both the fabrication process
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and the successful application of the device. Different fabrication techniques have
different specific constrains with regard to the properties of the materials. For example,
with hot embossing and injection molding, the glass transition temperature and melt
temperature are critical parameters for successful fabrication. When using optical
detection, optical properties of polymer materials are also critical. In biomedical
engineering, the properties including chemical resistances, hydrophobicity and surface

chemistry are important considerations.

3.1.1 Optical Properties of Plastic Materials

The optical properties of plastic materials such as light transparency at a desired
wavelength and low background fluorescence are important when they are used in

microfluidics.

Photoinitiated polymerization occurs within a microchannel surrounded by bulk polymer.
Therefore, the polymer material must be light transparent at a desired wavelength, e.g., a
range of 230~350nm. Figure 3-1 shows the UV spectra of various materials, including
PC (curve #1), PMMA (curve #2), PDMS (curve #3), PS (curve #4), COC (curve #5),
hydrogenated polystyrene (PS-H) (curve #6), Borofloat glass (curve #7) and quartz
(curve #8) [104]. From Figure 3-1, quartz is transparent in the entire range (230~350nm),
while PC is completely opaque in this range and therefore it is not suitable for
photografting or photoinitiated polymerization. PDMS exhibits the best transparency

among polymers in the far-UV range. The UV transparency of COC is very close to that
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of PDMS, even exceeds that of glass. PS-H is also sufficiently transparent and enables

acceptable grafting. PS has lower transparency than PS-H.

100

Transmittance, %
n
=

200 250 300 350 400 450
Wavelength, nm

Figure 3-1 UV spectra of various Materials (1) PC; (2) PMMA (3) PDMS; (4) PS; (5) COC,;
(6) PS-H; (7) Boro float glass and (8) Quartz [104].

Plastic materials exhibit significant fluorescence background when excited by near- UV
(even visible spectrum) radiation. Seliskar et. al [105] reported the autofluorescence of
various plastic materials in buck materials and in chips. They concluded that PDMS has
the lowest autofluorescence. Other materials such as PC, PMMA, and COC have
autofluorescence levels ~3 to 5 times higher than Borofloat glass. Thick PC (such as
2mm in thickness) showed very high fluorescence while thin PC (such as 250 um in

thickness) showed a comparable fluorescence with PMMA and COC.

In the option of optical properties of plastic materials, PDMS exhibits excellent

properties while polycarbonate did not display favorable properties.
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3.1.2 Physical Properties of Polymers

There are two basic types of polymers: thermoplastic and thermoset. A thermoplastic
polymer consists of uncrosslinked or weakly linked chain molecules. When the
thermoplastic polymers are heated, the molecule spread farther apart. If the polymer
molecules are cross-linked (chemically bonded), the polymer is called as thermoset.
Thermoset polymers cannot be softened, melt or flow when they are heated. These

materials have to be cast into a permanent shape.

PC, PMMA, and COC are the most popular polymers for microfabrication by means of
hot embossing and inject molding. Table 3-1[103] summarizes the basic physical

properties of some commonly used polymer materials.

Table 3-1 Basic Physical Properties of VVarious Materials [103]

Polymer | Density Glass Permanent | Thermal Linear Heat
(10° Temp temp. of conductivity | expansion distortion
kg/m®) (°C) use (°C) | (Wmk') | coefficient | temp.

(10°k™) | (°C)

PC 1.2 150 115-130 0.21 65 148-150

PMMA | 1.18-1.19 | 106 82-98 0.186 70-90 80-110

CocC 1.01 138 60 123

PS 1.05 80-100 70 0.18 70 78-99

PDMS | 0.985 <-125 -55 0.002

Biomolecules (such as DNA, proteins and olugonucleotides etc) tend to adhere to
polymer surfaces, either by forming a chemical bond (‘chemisorption’), or through Van
der Waals forces (‘physisoption’). A key goal in the development of polymer-based
microfluidic device is the ability to control and manipulate the surface chemistry of the

plastic to impart desired characteristic of the devices.
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Hydrophobic material, being water-repellent, has low surface tension and lacks active
groups in its surface to form hydrogen bonds with water. For a given droplet on a solid
surface, contact angle, relating to the surface tension by the Young’s equation, is the
angle formed between the surface of a solid and the line tangent to the droplet radius
from the point of contact with the solid surface. This angle can be measured by a contact
angle goniometer. An angle greater than 90° indicates that the solid surface repels the
liquid and the solid material has high hydrophobicity. An angle between 0° and 90°
results from the liquid spreading due to molecular attraction and indicates that the solid

material is hydrophilic.

Most thermoplastic bulk materials are hydrophobic [104]. The contact angle of water on
COC is 89°, that of water on untreated PDMS is 98°, and that of water on PC is around
70°. It is difficult to fill the liquid for hydrophobic channels. Hydrophobicity is not very
favorable for protein analysis due to protein absorption by hydrophobic interaction.
Moreover, hydrophilicity will be beneficial to improve the bonding strength of polymers.

Therefore, the hydrophilic surface is most desirable in most microfluidic devices.

Surface treatment is often required to change the hydrophobic nature of a polymer to
hydrophilicity. Such treatments include by oxidation (such as UV, UV/ozone [106], and
oxygen plasma [107]) and photografting by other hydrophilic polymer layer (such as

linear polymer UV grafting [104]).
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3.1.3 Chemical Resistance and Solubility

Many organic solvents, acids and bases are involved in bioanalytical chemistry.
Therefore, one requirement for suitable polymer substrate for microfluidics is chemical

resistance.

A chemical will be a solvent for a polymer material if the molecules of the two materials
are compatible, i.e., they can co-exist on the molecular scale and there is no tendency to
separate. Solubility parameter 3, an experimentally determined property, is a measure of

the energy required to separate the molecules of a liquid [108].

Table 3-2 Solubility parameters of some polymers and some common solvents [108]

Polymer 5 Solvent )

Mpal? cal/lcm® Mpa®? cal/cm®
Polytetrafluoroethylene (Teflon) 12.6 6.2 Acetone 204 10.0
Polyvinylidene Fluoride (PVDF) 13~16 Methanol 29.6 145
Polypropylene 16.3 8.0 Ethanol 26.0 12.7
Polyethylene 16.3 8.0 Methyl acetate 16.3 8.0
Polystyrene 18.7 9.2 Ethylene dichloride 20.0 9.8
Poly Vinyl Alcohol 19.2 9.4 n-Hexane 14.9 7.3
Poly Vinyl Chloride 19.4 9.5 Cyclohexane 20.2 9.9
Polycarbonate 194 9.5 Acetic Acid 25.7 12.6
PolyethyleneTerephthalate 21.8 10.7 Water 47.7 234
(Polyester)
Polyacrylonitrile 28.7 141 Isopropanol 234 115
Cellulose 21.6 10.55
PolyHexamethyleneAdipamide 27.8 14.1
(Nylon 6/6)

Compatibility between polymers and solvents can only occur when polymer and solvent

have similar solubility parameters (in practice within about 2 Mpa“?or 1 cal/cm®) [108],
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which indicate the solvent is able to attack the polymer. Non-comparability between
polymer and solvents means that the solvent cannot attack the polymer. Table 3-2 lists
solubility parameters of some polymers and some common solvents. For example, the
values in Table 3-2 [108] show that PC is soluble in acetone, ethylene dichloride, or
methyl acetate, but not in methanol, n-hexane or cyclohexane. The chemical properties
and solubility of COC are close to those of other members of the polyolefin family,
including PE or PP. Hence COC only dissolves in solvents such as toluene and hexane
that are less likely to be used in standard microfluidic applications. Therefore, COC

exhibits better chemical resistance than PC.

3.1.4 Costs

Microfluidics usually have a large footprint compared with IC, typically several cm?,
therefore, the cost of bulk materials is also an important consideration when choosing the
substrates. The price of quartz is on the order of 80~90 cents/cm®. The price of Borofloat
glass (e.g., Corning Pyrex) is on the order of 10~20 cents/cm®. Boro-silica glass (e.g.,
Scott 270) is on the order of 5~15 cents/cm?. Among polymers, PMMA is on the order of
0.2~2 cents/cm?, PC is on the order of 0.1~0.3 cents/cm?. Since COC is a new material,
mainly manufactured by Topas ® and Zenor ®, the price of a COC sheet is more
expensive than the COC pellets. PDMS is cheaper since Sylgard ® 184 kit can make

numerous pieces.
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Microfabrication involving lithography and wet/dry etching also increase the expense
while thermoplastic microfabrication technique can facilitate batch manufacture and

lower the fabrication cost.

3.1.5 Summary

Although PDMS exhibits many advantages in optical properties, cost, and chemical
resistance, the poor hardness (or elastics) and resistance to pressure (for reversible
sealing, ~5 psi; for irreversible sealing, <15 psi) are not desirable, especially for filling
with high viscosity solutions. Therefore, in this project, PDMS was not considered as a
good candidate. Among the other three thermoplastic candidates, PC is very favorable
due to its low cost and mature fabrication technique; it was first considered but was
rejected due to its optical characterizations. Because of its very good chemical and optical
property, COC was used in this project to achieve photoiniated polymerization within the

microchannels.
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3.2 General Fabrication Process Flow

Film Mask
(5080 dpi)

Template Fabrication
(Silicon or Su-8 templates)

Polycarbonate /COC replica
(Hot embossing)

Channel Sealing
(Thermal bonding)

Exits Opening
(Mechanical Milling)

Membrane Bonding
(Thermal Bonding)

Figure 3-2 General Fabrication Process Flow

The general fabrication processes flow chart for microfluidic devices in this project is

shown in Figure 3-2.

First, high-resolution (5080 dpi) film mask transfers the designed structure patterns from
AutoCad. The inverse master fabrication utilizes standard lithography and wet chemical
etching for silicon templates and Su-8 lithography for Su-8 templates. PC or COC replica
is generated upon the master by hot embossing and then the resulted channels are sealed

by another piece of PC or COC as cover plate via thermal bonding. Mechanical milling
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opens the exits of microchip and a porous thin PTFE membrane is then secured to the

exits surface of microchip by thermal bonding.

3.3 PC and COC Microfabrication

3.3.1 Template Fabrication

Several templates fabrication methods, including silicon bulk etch, LIGA, electroplating,
deep reactive ion etching (DRIE) and Su-8, have been reported in the literature. LIGA
(specified as X-ray LIGA) and electroplating can be used for high aspect ratio structures
with straight sidewalls. Their drawbacks though, are slow fabrication time due to
electroplating and lack of expensive synchrotron source for LIGA. DRIE also creates
straight sidewall structures but this process is complicated compared with silicon bulk
etching, which is the conventional method for template fabrication. The lifetime of
silicon inverse templates is usually long (>25 imprints) but breakage due to thermal
expansion coefficient mismatching between the master and the polymer can be
problematic. Room temperature imprinting was explored to elongate the lifetime of the
templates but the pattern transferring was not perfect [109]. Another limitation of silicon
bulk etched templates is that the microchannels are always trapezoidal in cross-sectional
area due to the anisotropically etched behavior of silicon. This structure feature is

undesirable in many cases.

Recently, utilizing patterned Su-8 as template has been demonstrated with variety of
results in many groups. The advantages of Su-8 template over the silicon bulk etched
template are simple and fast fabrication and favorable structure features (i.e., vertical
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sidewalls and smooth surface finish). However, delaminating of Su-8 from silicon
substrate due to thermal expansion mismatches limited the lifetime of Su-8 templates.
Esch [110] reported positive hot embossing results with very low Su-8 thickness (<17

microns) and less than 10 imprints per templates.

In this project, silicon bulk etched templates and Su-8 templates on bare silicon substrate

were both investigated.

l. Standard lithography
1 Positive photoresist

7

> 2pm 502
L~ 500 pm 4-inch p-type silicon

Il. Buffered Oxide Etching
Positive photoresist

r

= 800 pm 4-inch p-type silicon

lil. KOH Etching
_52m S0,

‘ '—I I—l __~, 500 pm 4-inch p-typs silicon

Figure 3-3 Fabrication processes for silicon templates

The silicon bulk etched templates fabrication involved standard lithography and
potassium hydroxide etching as shown in Figure 3-3. The template substrate consists of a
4-inch—diameter <100> oriented p-type silicon wafer with 2 microns thermally grown

silicon dioxide (WaferNet, San Jose, CA). Standard lithography was performed using a
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transparent positive film mask with the resolution 5080 dpi and a contact mask aligner
(Karl Suss MA6 Mask Aligner, Suss Microtec Inc). The wafer was then baked into a 5:1
buffered hydrofluoric acid solution to remove the exposed silicon dioxide. The remained
silicon dioxide pattern was used as a hard mask for the following potassium hydroxide
etching. The mold feature in silicon bulk etched template is trapezoidal in sectional area

as shown in Figure 3-4.

Figure 3-4 PDMS replica shows trapezoidal section of silicon template by KOH etching

Fabrication of Su-8 templates on bare silicon substrate utilized lithography according to
Su-8 manufacturer’s specifications (Microchem, Newton, MA) as shown in Figure 3-5.
Su-8 resist was spin-coated on a clean and dehydrated bare silicon wafer (Nova
Electronic Materials, Carrollton, TX) by a SCS G3P-8 spin coat system (Specialty
Coating System, Indianapolis, IN) with selecting the appropriate Su-8 resist type and spin
condition to achieve the desired film thickness. A Tamarack PRX-1000 UV source
(Tamarack Scientific Co. Inc, Corona, CA) was utilized to initiate Su-8 cross-linking.
Exposure time was experimentally determined to obtain the best sidewall profiles with

different film thickness. Su-8 development, using Su-8 developer PGMEA (Microchem,
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Newton, MA), was typically under 3 minutes. Figure 3-6 showed the straight sectional

profiles of PDMS replica upon Su-8 template.

1. Spin-coating
Su-8 negative photoresist
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IV. Development
> SuB negative photoresist
- 800 pm 4-inch p-type silicon
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> Su-B negative photoresist
= 500 pm 4-inch p-type silicon
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Figure 3-5 Fabrication processes for Su-8 templates
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Figure 3-6 PDMS replica shows the straight cross-section of SU-8 template

3.3.2 Hot Embossing

Becker et al suggest some guidelines for hot embossing conditions for polymer with
micro-sized features [103]. The thermal cycle (AT, defined as the temperature range
between embossing and de-embossing) should be 25~40 °C to minimize thermally
induced stresses. Applying sufficient pressure for embossing ensures even replication and
helps the polymer to flow around the template to obtain complete pattern transferring.,
Excess pressure, however, leads to more lateral deformation of the replica, resulting in
unwanted shear action, This shear force can even squash the master--especially for Su-8
masters. Manually removing polymer imprint from the mold caused a prying force that
may result in the deformation of the imprints and damage the template structure.

Therefore, automatic vertical de-molding is favorable for mold removal.

A Carver AutoFour /15 Press (Carver, Wabash, IN) was used to create PC and COC
replicas from the negative templates. The carver press consists of a stationary upper plate
and a hydraulically driven bottom plate which both are temperature-controlled via
heating and water /air-cooling.
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An embossing fixture was constructed for automatic de-molding taking advantage of the
press’s inherent vertical motion. The fixture consists of an upper plate, onto which a thick
glass plate was affixed to provide a smooth imprinting surface, and a bottom plate that
holds the template. Both of two plates are amounted on the press. The template was
glued on a 1/8” thick steel plate by thermal epoxy. Local temperatures of both plates are
monitored via embedded thermalcouples (Omega Engineering, Stamford, CT). When the
plates are separated, the upper and the lower fixture plates move in conjunction with the
press plates, respectively. The PC replica adheres to the glass plate attached to the upper
platen due to van der walls force between the PC molecules close to the glass surface and
the glass surface molecules. The template is held on the lower fixture, thus mold removal
occurs automatically. The imprint can then be removed from the upper plate with
minimal effort when the plates are cooled down to a temperature below the glass
transition temperature of PC. This shear action is due to the thermal stress developed by

the thermal expansion coefficient mismatches during the cooling.

Hot embossing for PC replica by inverse templates is a simple process. A 3.5-inch-
diameter clean PC sheet with 1.6mm in thickness was degassed in a vacuum oven at 100
°C for at least two hours to evaporate the air trapped in the sheets prior to imprinting. The
press was preheated to a set temperature above the glass transition temperature prior to
the insertion of blank PC sheet. After inserting PC sheet, a pressure about 250 psi was
applied by the press for about 10 minutes at an imprinting temperature (above the glass
transition temperature of PC, typically, 330 °F). Then the press plates were cooled down

to a de-molding temperature still applying the same pressure before opening. The PC

36



replica adheres to the top glass plate with vertical movement of top plate at de-molding
temperature and is easily separated from the glass plate when the press is cooled down to

a temperature below the glass transition temperature.

The experimental results showed that pressing at higher temperature still well below the
melt temperature results in better pattern transferring because the PC flows around the
corners of the templates well, which results in better edge replication and minimizes the
bubble formation, and forming even surface. In addition, elongating the holding time at
press temperature helps to obtain complete pattern transferring but this factor is not as

important as press temperature.

Usually, the silicon bulk etched templates can last for more than 30 imprints with good
pattern transferring utilizing specification here. A template feature up to 50 microns in
depth with high-density microchannel structures (i.e., 128 channels with 100 microns in
width and 120 microns in space) can be imprinted. The frictional stress in this case was
about 10 times larger than that of a simple structure (i.e., several channels with 100
microns in width in a whole wafer area). Hence, the template was easily damaged in
mold removal without the utilization of the embossing fixture. The present automatic
mold removal technique was able to achieve 5~7 imprints with complete pattern
transferring. A simple structure of Su-8 template nearly 100 microns deep also can

achieve more than 14 imprints with good pattern transferring using this technique.

After microchannels were created, the polycarbonate replica was sealed via thermal
bonding by another bare PC sheet with pre-drilled holes as reservoirs. Two sheets were

aligned and sandwiched by the glass, then inserted into the press at the bonding
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temperature (lower than the glass transition temperature, typically, 280 °F) while
applying bonding pressure for about 10 minutes. The closed microchannels may collapse.
In that case, bonding parameters (bonding pressure, temperature and holding time) should

be adjusted to obtain the maximum bonding strength.

COC hot embossing is very similar to PC hot embossing with parameters adjusted

according to their different glass transition temperatures.

3.3.3 Exit Formation

For electrospray tips, the channels should be open to create exits for electrospray. The
repeated moving of mills by CNC milling machine (Micromill 2000 HD/LE, Microproto
Systems, Chanlder, AZ) opened the channel exits. The size and uniformity of openings

were two keys to obtaining good parallel performance in the following sealing.
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Figure 3-7 Different opening shapes of channel exits in the same chip by milling

(a) Open-channel exit (b) Closed-channel exit

The final surface roughness in CNC operation results from the combination of two

effects: the geometry of tool and feed rate, and the irregularities in the cutting operation
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[111]. It is experimentally proven that using the end mill at higher feed rates generated

higher surface roughness.

Although the surface roughness was optimized through parameters control in milling
operation, the uniformity of each channel exit remained problematic as shown in Figure
3-7. The different opening of channel exits in the same chip results in different flow

resistance so that the voltage/ flow rate varied greatly channel-to-channel.

A high precision, low-speed sectioning saw (Burhler Isomet Low speed Saw, Burhler
Ltd, Lake Bluff, IL) was then used to open the channel exits due to its advantages, such

as minimal deformation to cutting surface and smoother surface texture.

Figure 3-8 Basic principle of sectioning operation of Isomet Low speed Saw

The basic principle of the low speed saw sectioning is illustrated in Figure 3-8. A sample
(A) is held in a suitable chuck and is introduced through gravity by a known load
(specifically, 25 gram weight as increase) (B), to a rotating wafer blade (C), which is
coated with a film of lubricant picked up during its rotation through the cooling tank (D).
Usually moderate speed is effective for cutting and minimizes the damage. The smaller
rotational speed, the better surface finish can be achieved. Figure 3-9 shows a typical exit

opening.
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Figure 3-9 Surface finish and exit opening of moderate speed

However, when this low-speed sectioning saw was applied for COC (a polymer with low
glass transition temperature, about 105 °C), the debris from the cut materials was melted
and covered the channel exits. In this specific case, adjusting the spindle speed cannot

result in desirable opening.

Another novel idea was designed to obtain the uniform channel opening. The detail will

be described in the later chapter.
3.4 Conclusion

After considering polymer properties such as optical properties, physical properties,
surface chemistry as well as cost, PC and COC were chosen as the polymer substrates for

this project.

General fabrication process of the polymer microfabrication was schematically
demonstrated and followed by the detailed process steps such as template fabrication, hot

embossing and sealing, and microchannel exit opening.

This technique of polymer microfabrication was proven to be effective, ultra-rapid and
mature fabrication technique that can be easily applied for microfluidics based on PC and
COC, and even to a boarder range of thermoplastic materials such as PMMA and PS.
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Chapter 4 Microfluidics Interfacing to Mass

Spectrometry

4.1 Introduction

ESI, utilizing a strong local electric field to transfer ions from solution to the gas phase in
a fine spray at atmospheric pressure, is a promising approach for interfacing
microfluidics to mass spectroscopy, either by direct ESI-MS interfacing, or by ESI

deposition of analytes onto a MALDI target for further MALDI-MS analysis.

Various approaches for fabricating ESI interfaces into microfluidic systems have been
reported by a number of groups and summarized in 1.1.1. There were two trends to
improve the stability of the electrospray process. One was to use shaped spray tips at the
channel exits [20, 24-25] to significantly reduce the exit spreading. However, this always
involved complicated processes, either mechanical machining of the substrate or the use

of additional lithographically patterned material layers in the microfluidic system.

More straightforward approach is to open the flat surface at the microchannels in an
effort to increase the hydrophobicity of the channel exit, either by application of a surface

coating [21], or by using polymer substrates with high native hydrophobicity [119];
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however, they still suffered from the difficulty to establish the stable electrospray

performance.

Here, a novel and simple electrospray tip was reported to increase the hydrophobicity of

the channel exit by attaching a thin layer of PTFE porous membrane.

4.2 Fabrication of Single-Channel Electrosprayer

4.2.1 Membranes Selection

In the technology of membrane ES tip a porous membrane is bounded to the flat orifice
of a microchannel. The porous structure acts as a dense array of nanoscale ES tips and
establishes stable electrospray by preventing the fluid from expanding along the flat

surface due to the high hydrophobicity of the membrane.

To prevent the liquid from spreading for electrospray and to enable loading of the
membrane with enzyme such as Trypsin for protein digestion, hydrophobicity is the first
requirement of membrane selection. Most hydrophilic membranes generally have a
contact angle that is less than 50°. Raw PC film has a contact angle of approximately 70°,
which is neither hydrophilic nor hydrophobic. Untreated PTFE has a contact angle of

approximately 105~110° and treated PTFE membrane has a higher hydrophobicity.

Small thickness also is required to minimize band broadening. High porosity of
membrane will reduce pressure requirements and high tortuosity is required to provide
increased surface area for loading enzymes. In addition, the membranes must have good

solvent resistance for biochemical analysis.
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4.2.2 Membrane Bonding Methods

Depending on the devices material and the material of the membrane itself, porous

membranes can be sealed to plastic devices using several different techniques, such as

ultrasonic welding, radio-frequency (RF) sealing, thermal bonding, and adhesive

bonding, as summarized in Table 4-1.

Table 4-1 Several common membrane bonding methods

Methods Principle Application Area
Ultrasonic Assembly of thermoplastic materials through the use | Plastic material having high
welding of heat generated from high-frequency mechanical | surface tension

motion by ultrasonics

Radio frequency
(RF) welding

Assembly of thermoplastic materials through the use
of high frequency radio energy to produce molecular
agitation in thermoplastic materials

Plastic materials having the
correct dielectric properties

Solvent bonding

Softening of the bonding area of the plastic substrate
with a solvent formulation, assembly the mating
surface together under slight pressure, and allowing
sufficient time for the solvent to dissipate from the
joint area

e.g., the solubility parameters
are similar for plastic-1,
plastic-2 and the solvent

Thermal bonding

Heating of the thermoplastic material to its glass
transition temperature via convention, press the
parts together under pressure and the softened
polymer surface re-flows and form a strong bond due
to Van del Waals forces between molecules of each
part

Popular for

materials

thermoplastic

Adhesive
bonding

Use of adhesive

Widely used

4.2.3 Some Porous Membranes

e PTFE membrane

PTFE membranes (GE PTFE (Teflon®), show in Figure 4-1 [112], have very strong

hydrophobicity. PTFE membrane was considered as the first choice utilizing its

hydrophobicity and porosity.
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Figure 4-1 SEM image of PTFE membrane [112]
According to data in Table 3-2, the solubility parameters of PTFE and PC, 6.3 and 9.7

cal/cm?®, respectively, are very different and thus there is no suitable solvent compatible
with both of them. Due to low surface tension, the frictional coefficient of PTFE is very
low and the generated heat is limited. Hence it is difficult to bond PTFE to PC via

ultrasonic welding or RF welding.

In the thermal bonding of PTFE membrane to PC chip, the PC microchip is heated to a
temperature above its glass transition temperature (typically 150 °C), The PC microchip
is then pressed to the PTFE membrane, allowing the melted polycarbonate molecules re-
flow and form a bond between PC and PTFE molecules. The mechanical strength of
thermal bonding is not very strong but still works under low flow rates or low pressure.
The heat-generated degradation of PTFE membrane was a concern since the pore sizes
and pore distribution of PTFE membranes were changed as observed. This random

change of pore structures also increases the complexity of multi-channel ESI tips.
e Anopore inorganic membrane

Anopore inorganic membrane (Anodics, Whatman) is composed of a high purity alumina
matrix, shown in Figure 4-2 [113]. The membrane is manufactured electrochemically,.

The benefit sof this membrane include no change of pore structure under pressure or heat
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due to its non-deformable honeycomb pore structure. The problem with this membrane is

its hydrophilicity. The liquid spreads on the surface of anodics membrane and it is very

difficult to establish a stable electrospray.

Figure 4-2 SEM image of Anopore membrane [113]
e Glass fiber filters
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Figure 4-3 SEM image of glass fiber filter [114]
Glass fiber filters are usually used as filters in many areas. Figure 4-3 demonstrated the

SEM of glass fiber filters (GE glass fiber binderless filters) [114]. From experiment, the
liquid expanded across the whole membrane area and did not form beads, indicating that

the hydrophobicity of glass fiber filters is so poor that it cannot be used to establish stable

electrospray.
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e PVDF membrane

PVDF membrane has very good hydrophobicity, higher than polycarbonate. Figure 4-4
shows SEM of PVDF membrane (Durapore PVDF membrane, Millipore) [115].
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Figure 4-4 SEM image of PVDF membrane (Millipore, Durapore PVDF membrane) [115]
The thickness of tested PVDF membrane is about 150 um. The working temperature of

PVDF is about 85 °C which is lower than the glass transition temperature of PC
(typically 105 °C). Experimentally proven, thermal bonding did not get good mechanical
strength due to high thickness. Solvent bonding using Ethylene dichloride was explored

but failed.

e PC membrane

Figure 4-5 SEM image of PC membrane [116]
PC membrane is produced through a two-step manufacturing process, called a track-

etched process [116] and the resulting membrane is a thin, translucent and microporous
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PC film with a smooth, flat surface, with cylindrical pores of uniform size and length, as

shown in Figure 4-5.

Ethylene dichloride was used as solvent to bond polycarbonate membrane to PC
microchip. The microchip was first exposed to solvent for the optimum time (typically,
several minutes at room temperature) and care was taken to avoid extra solvent
evaporation and over-melting the surface of microchip resulting in channel exit blocking.
The microchip then was pressed to the porous membrane for 10 seconds with a slight

force.

Electrospray was established by using PC membrane bonded to PC chip. The
performance of the electrospray, however, was not very stable and less repeatable chip-
to-chip. Because of so-so hydrophobicity of PC, the liquid easier tends to spread along
the exit before the onset of the electrospray and requires higher electric field to maintain

compared with the PC chip using the highly hydrophobic PTFE membrane.

Finally, porous PEFT membrane was chosen to use in this project via thermal bonding

method.

4.2.4 Fabrication of Single -Channel Electrosprayer

The repeated high-speed shoulder movement of end mill opened the exits of microchip
with a finished surface by using a CNC milling machine (Micromill 2000 HD/LE,
Microproto Systems, Chanlder, AZ), as described in section 3.3.3. Figure 3-7(a) showed
SEM of a typical channel exit after milling. The channel width is about 120 microns and
the formed channel depth is about 30 microns. Mechanical cutting produced the channel
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exit surface with average roughness of 12 microns as measured by a stylus profilemeter

(XP2, Ambios Technology, Santa Cruz, CA).

A 50 pm thick PTFE hydrophobic membrane (GE Osmonics Labstore, Minnetonka, MN)
with the average pore size of 0.22 microns and porosity of 70% was used to dramatically
reduce the flow rate to form a stable Taylor cone under some electric field [117]. Figure
4-1 showed SEM image of the membrane before bonding. Single-channel ESI tip was
demonstrated with good electrospray performance due to high hydrophobicity of PTFE in

this project [117].

Figure 4-6 SEM image of the PTFE membrane after bonding with chip [117]
The PTFE membrane was thermally bonded to the microchannel in PC chip described in

section 4.2.3. This resulted in PC bonding to the adjacent membrane surface without
substantial deformation of the channel exit. Figure 4-6 shows an SEM image of the PTFE
membrane after bonding with the PC chip. The average pore size and surface pore
distribution were modified during thermal bonding due to bonding force and high

temperature, with moderate reduction in porosity observed.
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4.3 Characterization of Single-Channel Electrosprayer

4.3.1 Instrumentation

Probe Station (_CD
Camera
Data Reservoir Grounded
", MALDI
.-ﬁ:c'qumtmn -
Unit Chip

-
Joooo
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Syringe Pump High-voltage
Power Supply

Figure 4-7 Schematic of ES tip experimental setup
The schematic of ES tip experimental setup is depicted in Figure 4-7. A solution

containing 50% water, 49% methanol, and 1% acetic acid (pH ~ 3.6) was delivered at a
constant flow rate by a syringe pump (PHD2000, Harvard) to fill the microchannel
through capillary connectors (Nanoports, Upchuch). The optical visualization of
electrospray was performed using an experimental setup assembled on a probe station
(Cascade REL4800, Cascade Microtech, Beaverton, OR) through a microscope (FS-70,
Mitutoyo, Japan) with objectives ranging from 2 ~ 100 X and images were captured by a
CCD video camera. A high voltage power supply (CZE1000R, Spellman High Voltage
Electronics, Plainview, NY) provided the required electrospray voltage through a

platinum electrode interfaced via a T-junction. Total ion current generated from the spray
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between the tip and a grounded aluminum plate at a fixed distance was obtained from a
multimeter (Agilent 34410A, Palo Alto, CA) by measuring the voltage across a 100 kQ
resistor. The precise distance between the grounded aluminum plate and the tip was
implemented by a micropositioner and determined through a reticle in the microscope
eyepiece calibrated by a stage micrometer. A microswitch force sensor from Honeywell
was attached to the syringe to detect the pressure change and a data acquisition unit

(Agilent 34970A) collected all the data during filling and electrospraying.

4.3.2 Characterization of Single-channel Electrosprayer

For chips bonded with PTFE membrane, liquid exiting the channel formed small rounded
droplets without liquid expansion observed. The potential was slowly raised from zero.
The first effect was that the liquid meniscus adopted an equilibrium ellipsoidal shape, the
eccentricity of which increased with voltage. At a well-defined voltage, V;, defined as
'threshold voltage’, the meniscus accelerated towards a sharp, and emitted a droplet from
the tip, then relaxed back to a low eccentricity ellipsoid. At higher voltage, the process
repeated at low frequency. The frequency of this process increased with voltage. At
higher frequency, the appearance was one of two superimposed menisci, one cusp-like
and one approximately hemispherical. At some higher and reasonable well-defined
voltage, Vs, defined as 'stable electrospray voltage', the meniscus suddenly became
conical and appeared stationary. A stable total current indicated the stable electrospray
stated. A filament issued from the apex of this cone, referred to as the "Taylor Cone’, and
subsequently formed a plume. This was typical for many large flow rates, but for some

small flow rates the plume was difficult to observe under the microscope. Further
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increase in potential caused an increase in current and a decrease in size of the Taylor
Cone. Eventually, a potential, Vg, defined as 'discharge voltage', was reached for which
no steady-state mode existed and a discharge occurred. The current abruptly became
unstable and reached above 1mA—a value indicative of the discharge. There is a

reasonable range above the stable electrospray voltage and below the onset discharge

voltage.

Figure 4-8 Photomicrographs of stable Taylor cones established at microchannel exit for a flow rate
of 120nL/min and chip-to-counterelectrode spacing of 2mm. The applied voltage for images (a)-(c) is
3800V, and for images (d)-(f) is 4000V.

Figure 4-8 shows a typical photomicrograph of stable Taylor cone established at a

microchannel (channel width is 100 microns) exit for a flow rate of 120 nL/min and chip
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—to-counter-electrode spacing of 2mm and the applied voltage of 3800V for images (a)-

(c) and 4000V for images (d)-(f) [117].

The electrospray process can be followed by measuring the electrical current between the
positive electrode and the ground plate and by observing the spray through a microscope.
Current/voltage (1/V) characteristics were measured for fabricated ES tips as a function of

applied flow rate.

= '0.1ul/min
—+— 0.08ul/min |
0.06ul/min |

total ion current (nA)

applied voltage(V)

Figure 4-9 Current-voltage curve obtained for electrospraying through a single channel

Figure 4-9 shows the current-voltage curves for electrospraying through a single channel
(200 microns in width and 40 microns in depth) with different flow rates under the chip-
to-counter-electrode spacing of 2 mm. There is, in all cases, a wide range of voltages
where a stable spray was observed without a discharge. The sudden rising in current

indicates a discharge occurred. As shown in Figure 4-9, the threshold voltage increases
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as the flow rate increases. For example, the threshold voltage in this specific case at 0.06

puL/min was 2300V while the threshold voltage at 0.1 pL/min was 4230V.

Figure 4-10 Increase in current caused a decrease in size of Taylor Cone for the same flow
rate. (a) A typical electrospraying with applied voltage of 3600V (b) a typical
electrospraying with applied voltage of 3970V, the other conditions include chip-to-counter
electrode spacing of 2 mm and the flow rate of 120 nL/min

Further increase in voltage results in a decrease in size of Taylor Cone for the same flow
rate since increase in electric field caused an increase in jet velocity; droplets will leave

the Taylor cone more rapidly. Figure 4-10 demonstrates that an increase in voltage

causes a decrease in the size of the Taylor Cone.

Figure 4-11 Different sizes of Taylor cone with different flow rates for the same applied
voltage. (a) A typical electrospraying with flow rate of 80 nL/min ;(b) a typical
electrospraying with flow rate of 120 nL/min, the other conditions include chip-to-counter-
electrode spacing of 2mm and the applied voltage of 3600V.

Different flow rates indicate different pressure from the syringe pump. Apparently, the

larger the flow rate, the larger the wetted area and, therefore, the size of the Taylor cone
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increases with the flow rate. Figure 4-11 demonstrates different sizes of the Taylor cone

with different flow rates for the same applied voltage.

4.4 Mass Spectrometry Analysis by Single-Channel Electrosprayer

4.4.1 Experimental Instrumentation

A schematic of the experimental apparatus is shown in Figure 4-12 [118]. The
microfluidic chip was fixed on an insulated plate mounted on a 3-axis transnational stage
for alignment of the emitter tips to a stainless steel MALDI target. The x-y-z stage allows
for precise adjustment, accurate to 10 um, between the spray tip and grounded MALDI
target. Experimental setting was the same as described in 4.3.1. A potential ranging from
2~3 KV was applied to the analyte solution with a stable total ion current between 42~55

nA for all tests.
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Figure 4-12 Experimental apparatus for electrospray deposition [118]

54



All analyses were performed using a buffer solution containing 50% water, 49%
methanol and 1% acetic acid. After the analytes were electrospray-deposited on the
stainless steel MALDI target, matrix solution was added following sample deposition
using a custom capillary spotting tool according to a two- layer preparation method.
Matrix solution was delivered to the deposited spots at a flow rate of 70nL/min. The

deposition time was chosen to maintain the analyte: matrix ratio of 1:1 (v/v).

MALDI mass spectrometry measurements were performed with a Bruker Autoflex
MALDI-TOF-MS equipped with a 337nm nitrogen laser. Each mass spectrum was

operated in the linear mode and produced by averaging 30 laser shots.

4.4.2 Deposited Film Morphology

Using peptide angiotensin 1 (MW 1.29 KDa), the film morphology was studied by
different matrix solutions. Matrix solution was prepared with a-cyano-4-
hydroxycinnamic acid (CHCA, MW 192.0) 10 pg/uL in an organic solvent solution with
an acidic compound. Variations in organic solvent components (acetonitrile or methanol),
solvent content (70% or 50%) and acidic component (acetic acid or trifluoroacetic acid)
were explored. Different matrix solutions generate different crystal morphologies. Matrix
solutions with higher organic solvent content resulted in greater heterogeneous films,
presumably due to enhanced resolution and resulting segregation of deposited peptides.
Compared to methanol as the solvent, acetonitrile generally resulted in more
homogeneous films. The best matrix solution was 50% acetonitrile, 40% water and 10%

acetic acid. This provided consistently uniform films with nearly constant film
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morphology across the deposited spot. Furthermore, this solvent produced the smallest
deposited spot diameters with no observed spreading of analyte from the initial deposited
diameter, suggesting that this matrix produces the highest on-target concentration of

analyte.

%5086~ N 20k

@ (b)

Figure 4-13 SEM images of angiotensin following addition of CHCA in 50% acentronitrile, 40%
water and 10% acetic acid for (a) electrospray deposition, and (b) mechanical spotting of sample

The deposited film morphology was observed using scanning electron microscopy.
Electron micrographs reveal a significant difference in crystallization between the
electrosprayed sample and mechanically spotted sample in Figure 4-13. The spotted
sample was prepared by depositing 10.5 pmol of sample using the capillary spotting
method, followed by spotting of an equal volume of matrix solution using the same
method. Compared to the electrospray-deposited peptides, which exhibit excellent
uniformity and an average crystal size of several um, the spotted sample shows larger
individual crystals, about 25 um, with significant variation in crystal distribution across
the deposition spot. No significant segregation was observed during the addition of
matrix solution to the electrospray-deposited analyte. A possible explanation for this

observation is that crystallization of the evenly deposited analyte films occurs without
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substantial resolution in the matrix solution, thereby preventing any diffusion and
segregation of the mixture components as observed in traditional dried-droplet sample

preparation.
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Figure 4-14 MALDI peak intensity profiles across 5 pmol angiotensin spots deposited by electrospray
and mechanically-spotted method

A comparison of signal reproducibility was examined by plotting ion signal intensity
against laser position, with the results shown in Figure 4-14. Each spot was prepared with
a total of 5 pmol of angiotensin followed by the addition of 2 uL matrix solution. At this
high loading level, the electrosprayed sample exhibits nearly constant analyte ion signal
intensity across the deposition spot, while the spotted sample shows up to a tenfold
variation in signal intensity. Sample-to-sample reproducibility was monitored by
measuring the variations in the analyte ion peak intensity on five different deposition
spots. The relative standard deviation for the electrosprayed sample was 1.4%,

significantly lower than 49% for the spotted sample. This figure also demonstrates the
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sizes of the deposited areas by different preparation methods. The size of the deposited
area by mechanically spotted method was evaluated to be 2mm and the size of the
deposited area by electrospray method was about 600 um. The reduced size of the

deposited area also increased the intensity of sample ion signals, improving the

reproducibility of shot-to-shot.

4.4.3 Peptide Loading
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Figure 4-15 (a) MALDI-MS peak intensities measured for varying amounts of deposited angiotensin
and (b) measured MALDI-MS spectrum for 3.5 fmol deposition

To evaluate the effects of local peptide concentration on ion signal intensity, the total
amount of angiotensin deposited by electrospray deposition from the microfluidic chip
was varied, followed by MALDI-MS analysis. Angiotensin was diluted to concentrations
from 50 pmol/uL down to 0.05 pmol/uL, and deposited at a flow rate of 70 nL/min for
1min. The corresponding amount of angiotensin deposited on the target ranges from 3.5
pmol down to 3.5 fmol. As shown in Figure 4-15 (a), ion intensity remains relatively

constant down to a concentration of 2.5 pmol/uL (total peptide loading of 175 fmol),
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beyond which the average signal begins to drop. For the 3.5 fmol spectrum (Figure
4-15(b)), the average signal-to-noise was between 4~5, putting this measurement at the

limit of detection.

Similarly, a dilution study was also performed using the mechanical spotting method,
with angiotensin concentration ranging from 50pmol/uL to 0.05pmol/uL. No ion signal
for angiotensin could be measured following repeated laser probing of the sample for
depositions of 35 fmol and below, indicating at least a 10X higher detection limit

compared to electrospray deposition.

When sample loading was reduced, increasing variability in signal intensity was
observed, due to the formation of discontinuous sample films on the target surface.
From Figure 4-15 (a), 175 fmol can be considered as the lowest loading for which

constant intensity was measured and then the number of the angiotensin molecules

is1.05x 10" molecules . Given the effective molecular diameter of angiotensin around 1.2
nm, and assuming this diameter expands to twice this value when impacting the target
plate, then the deposited area covered by angiotensin can be calculated as 0.24mm?
which was very close to the area of the deposited spot size about 0.28 mm?. This implies
that 175 fmol loading generates a nearly continuous monolayer on the target surface,
while lower loading level will produce some regions without sample, and the

corresponding MALDI-MS spectra with increasing variations in measured intensity.

Thus, the electrospray deposition method enabled the detection limit of angiotensin at

least ten times lower than that using the mechanically spotted method.
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4.4.4 Chip-to-target Spacing Effect

Demonstrated in Figure 4-14, the electrospray-deposited sample was constrained to a
diameter of 600 um for the 1mm spacing. Since a smaller spot size implies increased
analyte concentration, and thus improved signal intensity for low-abundance analytes,

this represents a significant benefit for the electrospray deposition approach.

Chip-to-target spacing effect
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Figure 4-16 Relationship between chip-to-target spacing and resulting angiotensin spot size on the
MALDI target

Chip-to-target spacing is expected to affect the deposited spot size on the MALDI target.
Spot size measurements were performed by evaluating angitensin ion signal intensity
along the diameter of each spot, and calculating the diameter limits when the MALDI-
MS signal dropped to four times the noise level. As expected, smaller chip-to-target
spacing was found to generate a smaller deposition spot size. The relationship between
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spacing and spot diameter is nearly linear over the tested range as shown in Figure 4-16,

from a diameter of 545 um at 1.1 mm spacing to 170 um at 0.45 mm spacing.

Lower detection limit from the microchip format should be feasible by reducing the chip-

to-target in order to increase on-target concentration of deposited analyte.

4.5 Fabrication of Multi-channel Electrosprayer

4.5.1 Multi-channel Electrosprayer with Separated Inlets

As shown in Figure 4-16, if a chip-to-target spacing of 0.45 mm is used, a deposition spot
diameter of 170 um can be achieved. This suggests the potential for simultaneously
depositing analytes from multiple closely spaced electrosprayers without contamination

between adjacent spots.

To explore this concept, an electrospray chip containing three parallel microchannels was
fabricated. Each channel is 100 um wide at the top, 50 um wide at the bottom and 35 um
deep. Peptide solutions of 50pmol/uL bradykinin (MW 904.Da), angiotensin (MW
1925.Da), and fibrinopeptide (MW 1570.68Da) were introduced into specific channels.
An average flow rate of 70 nL/min was applied for 3 min with a chip-to-target spacing of
1mm. A 200 nL droplet of matrix solution was then added to each spot individually using

the capillary spotter to prevent diffusion of peptides between spots.

Individual flow rates for each channel were adjusted to initiate stable electrospray. Up to
20% variation in flow rate was required to maintain stable electrospray from three

channels simultaneously. This variation in flow rate is due to difference in the effective
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flow resistances imposed by the bonded PTFE film that can be exhibit different amounts
of pore collapse during the bonding process. Different shapes of channel exits also

partially caused the variation in flow resistances.

Figure 4-17 Optical micrograph showing simultaneous ESI from three parallel 100 um wide
microchannels spaced 150 um apart
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Figure 4-18 lon signal intensities measured across peptide spots from the multichannel
electrosprayer array
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Figure 4-17 shows the optical micrograph of simultaneous electrospray from three
channels. Due to the small spacing of 150 um, electrostatic interaction between the

fluids eluted from each electrospray tip result in a slight distortion.

MALDI-MS analysis was performed by sampling along a line through the centers of the
deposited spots. The resulting measurements of ion intensity were shown in Figure 4-18.
The mass spectra across each spot reveal no observable contamination between adjacent
peptides, indicating that no significant cross talk occurs during deposition of matrix
crystallization. In the regions between adjacent spots, no signal above noise was detected

for any of the deposited peptides.

4.5.2 Multi-channel Electrosprayer without Embedded Capillaries

As described in the above 3-channel electrosprayer array, three pump systems were used
to adjust each flow rate individually. Many high voltage power supplies and syringe
pumps would be required if this was applied in multiplexed analysis. The glass multi-
channel CE-MS chip by Xue et.al [21] also used ‘one-by-one’ mode via switching the
syringe connection and the electric connection from one channel to another, which is not
‘parallel analysis.” To reduce the numbers of high voltage supplies and syringe pumps, a
parallel connection for multi-channel tip including the smallest number of high voltage

supply and syringe pumps is desired.

2-channel ESI tip was used to do initial multi-channel testing. These two channels shared
one reservoir, one syringe connection (including 500 puL syringe and syringe pump) and

the same electric connection through the T-junction. Typical testing chip geometry uses a
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channel width of 120 microns, channel depth of 30 microns and channel-to-channel
spacing of 500 microns. Figure 4-19 shows a typical image of two Taylor cones
established in the exits of a 2-channel tip with different cone sizes under the condition:
applied voltage of 3330V, chip-to-counter-electrode spacing of 2mm and flow rate of 100
nL/min. The different sizes of Taylor cones indicated the different volumes of liquid

through the membrane due to different flow resistances between channels.

Figure 4-19 A typical image of two Taylor cones formed in 2-channel tip with different sizes under
the condition: applied voltage of 3330V, chip-to-counter-electrode spacing of 2 mm and flow rate of
100 nL/min

The flow resistance of each channel produced differences including different sizes of
Taylor cone and different pressure required (or flow rate). The different flow resistance
of each channel is either caused by non-conformity due to fabrication processes such as
collapse during thermal bonding, or is generated by non-conformity due to membrane

thermal bonding.

4.5.3 Embedded Capillary Method

As described in section 4.2.4, the previous polycarbonate electrospray chips were

prepared by the repeated motion of a milling machine or low speed saw. It was observed
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that the adjacent channel exits have different flow resistances due to the debris that

covered the exits during the cutting process.

A new method, the embedded capillary method, was explored. A microchannel about 100
um in depth was hot embossed upon the Su-8 template in COC substrate. Then a section
of 5mm long silica capillary (OD: 100 um, ID: 40um) was carefully cleaved to have a
flat cross-section and embedded into the ends of each channel. The whole sandwiches
were bonded together in a hot presser according to the similar thermoplastic bonding
protocol, with increased pressure. The channel exits were opened by the low speed saw.
Due to the different materials between the COC and the silica capillary, the debris due to
thermal melting during the cutting was dramatically decreased. All the channel exits
appeared as round openings due to the constraints of the capillaries, as shown in Figure

4-20 (a). A rectangle capillary shape could be considered to decrease the gap between

microchannel and capillary.

Figure 4-20 Open channel exits after sawing (before membrane bonding) (a) and membrane surface
after bonding (b), the white areas are corresponding to channel exits, other dark area are
transparent in view.
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To bond the membrane with the chip, first attach the membrane to the channel exit
surface on a flat glass slide at a temperature above the glass transition temperature of the
substrate, then roll the exit surface on a heated steel ball till most areas appeared

transparent, shown in Figure 4-20 (b).

4.5.4 Multi-channel Electrosprayer with Embedded Capillaries

Figure 4-21 A typical 4-channel Taylor Cones showed under 5800V, 0.13 ul/min, and 2mm chip-to-
counter electrode distance.

The flow rate had to be carefully chosen in this case. Higher flow rates caused leakage
from the edges of the membrane. The rolling back and forward causes the change of the
pore structure but not complete collapse, and results in the increase of water-entry
pressure of membrane and breaks the bonding of the membrane and the chip, causing a

leak.

The difference in sizes of each Taylor cone can be explained by the difference in the flow
resistances of the channels due to fabrication, embedded capillary and bonded membrane.
In Figure 4-21, the channel width is about 120 um. Taylor cones are positioned in the

opening of the embedded capillaries.
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4.6 Conclusion

In this chapter, a novel electrospray tip based on a polymer chip was fabricated utilizing
the addition of a highly hydrophobic porous membrane on the orifice of the microchannel
exit. The characteristic of electrospray performance in a single-channel electrospray tip
was measured. Also, the application of the novel electrospray tip to deposit the
protein/peptide sample on a stainless steel plate followed by MALDI-MS has shown to
improve the MALDI-MS performance with improved signal-to-noise ratio, detection

limit and repeatability.

Using a similar principle, a multi-channel electrospray tips array was explored to work
either on ‘one-to-one’ mode or parallel analysis mode. To achieve the same flow
resistances for each channel, a novel method, referred to as embedded capillary method,

was reported and has shown potential for parallel analysis application.
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Chapter 5 Microchannel Gel Electrophoresis Coupled

with Mass Spectrometry

5.1 Introduction

CE is one of the most popular separation techniques in proteomics and peptidomic
investigation due to its high separation efficiency, high resolution and small sample
volume consumption. One of its drawbacks, though, is its low sample loading capacity.
Therefore, this technique and its connection to a sensitive mass spectrometry, is a suitable

to be an alternative to two-dimensional gel electrophoresis.

As summarized in 2.1.3, replaceable polymeric separation matrix is such a solution that
can be conveniently pumped out of a capillary after each run and replaced with a fresh
portion of the same matrix [120]. Cross-linked gel, e.g. PA, also can be in-situ
photoiniated polymerized in a desired area by controlling the light exposure. This chapter
explores the implementation of GE in polymer microfluidics, either using replaceable gel
or highly cross-linked gel. Substantial reports have shown the success of PEO, a typical

linear polymer. Hence the replaceable PEO was fist applied in this project.
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5.2 Design

5.2.1 Microchip Layout

_— Sample loading Open exit bonding

Reservoir 2 with PTFE membrane
|II
@ l 100 microns "_
Gel loading
Reservoir 1 y .
Sample waste ESI makeup buffer loading
Reservoir 3 Reservoir 4

Figure 5-1 Schematic of a microchip layout

GE and the following electrospray ionization can be performed in a microchip including
5 reservoirs (gel loading, gel waste, sample loading, sample waste and ESI makeup) and
5 distinct channel sections (channel head, cross-injector, separation channel, detecting
window and ESI channel) as shown in Figure 5-1. Typically, the microchip was 100 um
in width and 50 um in depth. The channel was filled with a polymeric sieving solution
prior to sample loading and electrophoretic injection. The gel electrophoresis involves
two steps to load protein molecules into the separation channel. First, a mixture of
samples (i.e., proteins or peptides) is drawn into the channel by a potential gradient that is
imposed between the sample loading and the waste reservoirs of the cross-injector. This
process is referred to as sample loading and results in a uniformly distributed sample plug
within the cross-injector. The second step is called as electrophoretic separation. A run
voltage is imposed between gel loading and ESI makeup reservoirs in order to initiate

protein molecules migration toward the cathode. Sample loading and electrophoretic
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separation of samples/mixture were observed within the cross-injector portion of

microchip using a Fluorescence microscope.

5.2.2 Electrokinetics in Microchannels

Buffer solutions used in on-chip applications usually have high ionic concentration, e.g.,
102 M, therefore the electrical double layer is very thin and can be considered a
negligible thickness. In this way, the liquid in the microchannel can be considered

electrically neutral, or p, =0. The applied potential, ¢, in the buffer solution can be

described by Poission equation [121],

vig=—Le _g (5-1)
EyE

The basic equations describing the flow field are the continuity equation,

V-V, =0 (5-2)

and the momentum equation,

PISE +V, N1 = TP + 4V, + p, Vg (5-3)

where Ve is the velocity vector, p is the density of the liquid, P is the pressure in the
microchannels, p is the viscosity of the liquid and p, is the net charge density in the

solution. Because p, =0, the third item in the driving force of the flow is ignored.

70



Considering that the velocity component in z-direction is very small compared to the
velocity component in x-direction and y-direction (u and v), the analysis can be

considered as a two-dimensional problem [122].

The distribution of the sample concentration can be described by the conservation law of

mass, assuming no the electroosmotic flow [123],

%W-(—Divci -Zu,FC,Vg+CV,) =0 (5-4)

where C, represents the concentration of the ion i (mol/m®), D;is its diffusivity (m*s™),
u, is its mobility (mol m’s™V*A™), F denotes Farday’s constant (mol™).

The detailed numerical analysis simulation results will be discussed alongside the

experimental data in the following sections.

5.3 Microchannel GE by PEO

5.3.1 Instrumentation

A schematic of MGE-ESI chip visualization system is shown in Figure 5-2. The system
consists of a high-sensitivity charge-coupled device camera from Andor Technology
(Belfast, Northern Ireland), a Nikon fluorescence microscope (Melville, NY) fitted with
2X, 4X, and 10X objectives, a high-voltage power supply from Spellman and syringe

pumps from Harvard Apparatus.
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Figure 5-2 Schematic of MGE-ESI chip experimental setup showing imaging equipment,
syringe pump used for press-injection control, and high voltage power supply

5.3.2 Protein Sample Preparation

Before a sample can be loaded onto a gel for analysis, it must be properly prepared.
Depending on the gel type, preparation may involve denaturing the proteins, reducing any
disulfide bonds, adjusting the ionic strength and removing interfering contaminants. Here
sample preparation processes include staining of proteins, denaturing of protein,
reduction of protein concentration and formation of protein-SDS complexes with
negative charges. In brief, the covalently linked polypeptide chains of native proteins are
folded in three dimensions in a pattern that is characteristic for each type of protein.
When a protein is denatured, the characteristic three-dimensional arrangement of its

polypeptide chain is disrupted and it unfolds into random structures, without damage to
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the covalent backbone structure. The denaturing agent can be SDS or urea. After
denaturing, when SDS is dissolved into protein solution, most proteins will bind to SDS
at a constant ratio, i.e., 1.4g SDS per gram protein, and form rod-shaped SDS-protein

complexes with a net negative charge.

Prelabelled fluorescent protein conjugates (such as albumin from bovine serum (BSA)
BODIPY FL conjugate, MW 66000 Daltons; excitation: 550 nm; absorption: 630 nm)
were purchased from Molecular Probes (Eugene, OR). The model protein with a final
concentration of 1mg/mL was completely denatured and reduced in a 10mM Tris-
(hydroxymethyl) aminomathane (Tris) with pH at 8.0 containing 8M urea at room

temperature overnight, then 2% SDS was added to form protein-SDS complexes.

5.3.3 Gel Interface

PEO powder (MW 60 kDa) was gradually added to running buffer containing 10 mM
Tris and 0.05% SDS with constant stirring to produce a homogeneous suspension to
make a 1.5% PEO gel. Rhodamine B (excitation: 510nm, absorption: 550nm) was added

into PEO gel to visualize gel motion in the channel under fluorescence microscope.

Because the resistance of porous membrane is much larger than the resistance of a
100um wide 50 um-deep microchannel, and the PEO gel is high viscous fluid, the basic
steps to form a gel interface are depicted schematically in Figure 5-3. These steps can be

summarized as follows:

1. PC microchannel surface treatment: fresh BSA solution with a concentration of

5mg/mL in 10 mM Tris, as a dynamic coating, was introduced into the entire
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chip. The regulation of electroosmotic flow and the prevention of analyte
adsorption are essential for the rapid, efficient separation of protein within
microchannels. The adsorption of protein on the wall of microchannel results in
sample loss, and even formation of clusters on the surface of the channel wall.
The adsorption of BSA onto the plastic channel walls eliminates the

electroosmotic flow and reduces the absorption of sample, reported in [124].

2. Introduction of a high-viscosity separation gel in the separation channel: a
solution of 1.5% PEO in 10 mM Tris and 0.05% SDS as separation medium was
introduced from gel loading reservoir A. Keeping injection of ESI running buffer

from reservoir E, restricted the gel not beyond D, as shown in Figure 5-3 (2).

3. Next, as shown in Figure 5-3, the injections of the gel syringe pump and ESI
syringe pump were interrupted while the syringe connection was maintained to
avoid inner pressure change; from sample loading reservoir B, another solution
i.e., sample or low conductivity solution was introduce to flush the extra gel out
of the cross-injector. The gel-free interface was dynamically established, though,

open to ambient pressure.

The gel-free scheme relied on the stability of gel solution and the environmental pressure.
Therefore, another scheme, in which the injector was filled with gel without the

additional cleanup step, was also employed in this project.
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Figure 5-3 Gel-free Injector interface (Left) Procedure (Right) Images

5.3.4 Sample Injection

The chip was operated under a ‘sample-loading” mode and a ‘separation’ mode. High
voltage was provided by a high voltage supply from Spellman. In the sample-loading
mode, a mixture of protein-fluorescein conjugates was prepared and introduced into the

cross-injector to form a defined sample plug. Different sample injection methods (i.e.,
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hydrodynamic or electrophoretic injection) were investigated to control sample plug

leakage due to both hydrodynamic and diffusion effects

Hydrodynamic Injection

Open

Surface: Velocity field  Streamline: Welocity field Mi;lg](ta.rf
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Figure 5-4 Hydrodyanamic sample loading (a) Schematic of simulation model (b) sample plug
defined by hydrodynamic injection in a typical microchip (b) Numerical Simulation of velocity
profile in cross-injector

In hydrodynamic injection, sample was injected from the sample loading reservoir B.

The sample waste reservoir C remained open while the extra gel was flushed out from the
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cross-injector. The great benefit of this method is that it forms a gel-free cross-injector so
that preconcentration of sample at the interface (or stacking) is possible. This method also
has disadvantages: it requires a long filling time (or flushing time), and a large sample
volume. Because the Knudsen number in this case is very small (~2x107 for water), non-
slip boundary condition is valid [142, 143]. From the numerical simulation, the flows
divide into three directions with different velocities profiles. Most flows into the reservoir
A due to lower flow resistance at this reservoir. Therefore, the sample plug length was

not well-defined in this case, as shown in Figure 5-4.
Electrophoretic Injection

Electrophoretic injection was adapted to reduce the band broadening due to long sample
plug. In electrophoretic injection, gel filled the separation channel as well as in the
sample loading channel and the sample waste channel. No gel-free cross-injector was

formed. Two types of sample introduction by electrophoretic injection were investigated.

For “floating” sample loading, a potential was applied to the sample waste reservoir with
the sample loading reservoir grounded and with the gel loading reservoir and ESI
reservoir floating. As shown in Figure 5-5, the numerical simulation result showed the
current density contours that indicated the concentration of sample in cross-junction was
not focused. When the flow of mobile phase in the separation channel is not controlled,
the analyte is free to move into the channel through eddy flow, resulting in a more diffuse

injection plug.
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Figure 5-5 ‘Floating” sample loading (a) schematic of simulation model (b) a steady state of sample
plug by “floating’ sample loading (c) Numerical simulation of current intensity profile in cross-
junction

For a ‘pinched’ sample loading [125], potential was applied to the sample waste reservoir
and the sample loading reservoir. The gel loading reservoir and ESI reservoir both were
grounded to control the injection sample plug. Figure 5-6 (b) shows the ‘pinched’ sample
loading prior to being switched to separation mode. Consequently, the analyte in the

injection cross has a trapezoidal shape and is constricted and diluted in the analyte waste
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channel (up) by this flow pattern. Compared to floating sample loading, pinched sample
loading is superior in two areas: temporal stability and plug length. When two or more
analytes with vastly different nobilities are to be analyzed, a sample loading with
temporal stability ensures that equal volumes of the faster and slower moving analytes
are introduced into the separation channel. A smaller plug length leads to a higher

efficiency and, consequently, reduction of band broadening and dilution of analytes.
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Figure 5-6 ‘Pinched’ sample loading (a) schematic of simulation model (b) sample plug defined by
‘pinched’ sample loading (c) Numerical simulation of current density profile in the cross-junction
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Injector Configuration
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Figure 5-7 Numerical simulation of current density profile in different offset double-T injector
Configuration (a) 0 microns (b) 100 microns (c) 250 microns (d) line-cut in the center of separation
channel in double-T junction
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Common on-chip injector configurations include the cross, the tee and the offset double-
tee. In the offset double-T configuration [126, 129], the sample and dispensing channel
run together for the short distance between T-intersections resulting in an effectively
larger injector length, similar to the configuration in Figure 5-3. It was found that larger
injector lengths increased signal at the expense of resolution [126, 129]. The flowing of
buffer and sample adjacently in the injector channel causes increased diffusion and
results in diluted dispensed sample. As shown in Figure 5-7, the numerical simulation
results showed the 250 microns injector gave increase in signal peak. Further
investigation showed a major loss of sample during the onset of the separation step due to
pullback flow induced in the offset channels. Therefore, cross-tee configuration was

mainly explored in the following experiments.

5.3.4 Separation

Protein molecules are loaded into the microchannel, then a run voltage is applied between
the anode and the cathode so that the protein molecules migrate towards the anode with
different velocities according to their different sizes. Proteins with less molecular weight
travel more quickly through the gel than those with greater mass because of the sieving
effect of the gel matrix. Protein molecular weights can be estimated by running standard
proteins of known molecular weights in a separate lane of the same gel. This process is

known as gel separation.

Figure 5-8 shows a sequence of the movement of single model protein. Typically, a

positive voltage corresponding to the electric field strength of 130 V/cm was applied
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between the gel loading reservoir and the ESI buffer loading reservoir while the sample
loading and the sample waste reservoirs remained floating. The tailing of sample in the
initial separation was obvious: the sample continuously migrates toward the anode from

the sample loading channel and sample waster channel.

l | 2 b

Figure 5-8 (a)-(c) Movement of single protein by applying a positive voltage between E and A
(corresponding to 130V/cm electric field strength) while keeping sample, sample waste
reservoirs floating.
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Figure 5-9 Intensity profile of Figure 5-8
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However, the experimental results indicated significant loss of sample at the peak
concentration only a few channel widths downstream of the intersection, as shown

in Figure 5-9 .

In addition, the velocity/concentration profile of the sample showed parabolic instead of
bulk — a phenomenon called Taylor dispersion [127]. This is due to a slight velocity bias
caused by pressure forces originating in the reservoirs. These pressure effects are
investigated next. From Eq. 5-3, the sample’s velocity is a summation of electrophoretic
velocity of the sample and hydrodynamic velocity due to this slight pressure. A flow
resistance model based on the microfluidics geometry helps to well understand the

sensitivity of velocity to pressure disturbances, a pressure difference to each reservoir.

A particularly useful equation for calculating the pressure drop through a long channel is

[128]
Ap =QR, (5-5)
where Q is the flow rate and Ry is the flow resistance.

Usually, the concept of the hydraulic diameter can be used to assess flows through

irregular shapes such as the trapezoidal cross section created by anisotropic wet etch in

silicon.
4A
D, = (5-6)
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where P

wet

is wetted perimeter referring to the perimeter of the channel that is in direct

contact with the flow and A is the cross sectional area referring to the area through which

the flow is occurring.

nL
R, = 5-7
" 8D} (-7)

where 7 is the viscosity of the fluid, L is the length of the channel, and Dy, is the hydraulic

diameter [128].

Considering a typical value of liquid surface position difference of 1mm, standard buffer
solution based on water (17 =8.9x10°kgm's™), and a channel length of 5.6cm, for a

channel with 100 um in width and 50um in depth, we have an average velocity of 27
um/s and a maximum velocity of about 40~54 um/s. If the channel depth is reduced to 20
um, then the sensitivity of velocity to pressure can be reduced to 15% of that in a 50 um
channel. Siphoning is a very serious concern in this geometry configuration and it must

be taken into account.

Two distinct physical phenomena, stacking and destacking, may occur in the initial
separation. ldeally, during the initial stage of separation, the protein molecules migrate
rapidly within the sample plug of the cross-injector with lower conductivity, but they
experience an abrupt drop in velocity when they reach the high-conductivity gel. This
results in the pre-concentration of the sample plug. This phenomenon is called field-

amplified sample stacking (FASS) [130-132].
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In contrast, the analytes migrate slowly through the sample matrix until they reach the
background gel and accelerate due to the increase in electric field. This leads to band
broadening and a decrease in signal-to-noise ratio. This process is called *destacking’ and

the sample appears diluted. Destacking is another important cause of band broadening.

To obtain sample stacking, protein sample should be prepared by low concentration of
SDS to form protein-SDS complexes, and an interface of two different analytes with
different conductivities should be formed. Figure 5-10 shows the contour of electric field
in cross-injector with different ratio of conductivity of sample to running buffer. As
shown in Figure 5-10 (b), sample slows down where the electric field is weaker (in the
separation region) so that stacking/concentration occurs at the interface of these two

solutions with different conductivities.
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Figure 5-10 Contour of Electric field in cross-injector (a) ratio of conductivity of sample and running
buffer =1 (b) ratio of conductivity of sample and running buffer=5

Stacking occurs at the interface between two solutions of different conductivities where
the gel-free injector is formed by flushing running buffer. The gel-free cross-injector
scheme was helpful to establish field-amplified stacking and to concentrate the sample
using the established interface between two solutions with different conductivities.
However, due to its dynamics, it was difficult to precisely control the sample plug length
using hydrodynamic injection to introduce sample into cross-injector while flushing out
the extra gel. Electrophoretic injection makes it easier to obtain the controllable sample
plug without obvious stacking. Such is the tradeoff between hydrodynamic and

electrophoretic injection in the present design.

In previous experiments, the movement of protein showed dilution in the concentration of

sample and parabolic velocity profile during initial. This resulted in band broadening and
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low signal intensity, even loss of the detection capacity. PEO gel is a high-viscosity fluid,
but it still is a fluid. Any hydrodynamic forces (such as pressure from syringe pumps, or
siphoning in 20 microns deep channel) can affect the location of PEO gel. Solidification
of gel is needed to fix the gel in the separation channel whatever the hydrodynamic forces
are. Additionally, the solid gel dramatically increased the flow resistance and the electric
resistance. Therefore, highly cross-linked polyacrylamide gel was explored in the

following section to obtain the good stability of separation medium.

5.4 Microchannel Gel Electrophoresis by Polyacrylamide

5.4.1 In-situ Polyacrylamide Polymerization in PDMS Microchannel

5.4.1.1 Chip Fabrication

To explore gel formation principle and protocol, a simple structure was fabricated on
PDMS. PDMS has been utilized in the ‘rapid prototyping’ design for microfluidics using
its advantages: easy fabrication and short turnaround time. The fabrication process of
PDMS chip was published everywhere [132]. A negative mold was fabricated by SU-8
lithography or by silicon bulked wet etching, as described in 3.3.1. PDMS prepolymer
(Sylgard 184, Dow Corning, Midland, MI) was mixed thoroughly with its cross-linking
catalyst at 10:1 (w/w) and degassed by vacuum. The prepolymer mixture was cast against

the silicon mold and allowed to cure at 70°C for 1 hour. After curing, the PDMS replica
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was peeled from the mold and holes were punched into the polymer to create access ports

as reservoirs.

The PDMS replica was then sealed with a clean borosilica glass. The unmated PDMS and
the glass cover plate both were placed in oxygen plasma for 55s (50W at 60mTorr).
When joined together, the oxygen plasma-treated parts were sealed irreversibly. The
oxygen-treated PDMS has hydrophilic properties that degrade over time in air. Therefore,
after sealing, the PDMS chip was immediately filled with water/buffer solution to ensure

its lasting hydrophilicity.

5.4.1.2 Surface modification of PDMS

As summarized in section 3.1.2, most polymers are hydrophobic. The weaknesses of
hydrophobic polymers in bioanalysis application are as follows: the difficulty to fill
aqueous solutions into a hydrophobic microfluidic networking, the tendency to absorb
molecules onto the surface of the hydrophobic polymer, and the unstable and
uncontrollable EOF [135]. The monolith tends to bond poorly to the wall of the plastic
chips, and the voids may even develop at the interface of monolith and walls. Therefore,
the channel must be modified prior to the in-situ preparation of monolith [134]. A variety
of solutions to this incompatibility, primarily surface treatments, have been demonstrated.
For example, oxygen plasma treatment, silanization, adsorbed coating, dynamic coating
(protein or lipid coating) etc were reported in the literature [134-135]. Surface treatment

is also necessary to suppress the undesirable phenomenon of EOF.
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A two-step surface modification procedure was developed to increase the stability of the
monoliths in polymer channels in this study. An altered procedure from [136] is
described as following: first, UV/oxygen treatment is used to oxide the polymer surface.
Second, a well-known primer silane reagent 3-(trimethoxysilyl)propyl methacrylate is
used to react with surface-generated oxide spices, thus facilitating the methacrylate
groups to copolymerize with linear polyacrylamide. This step is called ‘conditioning

step’.
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Figure 5-11 Schematic Diagram of chemical modification on PDMS surface
The conditioning solution was prepared by 2:3:5 (v/v/v) of 3-tri3-(trimethoxysilyl) propyl
methacrylate, acetic acid and water. After initial vigorous mixing during the addition of
water, the mixture was subjected to 10-minute sonication followed by 5-minute of
degassing. After the PDMS channel was bonded to the borosilica glass slide, the
conditioning solution was flushed through the channels for 30 minutes. After this step,

the channels were flushed clean by water for 10minutes.
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Figure 5-12 Schematic of two-step monolith polymerization. (a) acylamide was filled in the channel

with UV exposure to form a thin layer of linear polyacrylamide; (b) the unpolymerized acrylamide

was flushed out of the channel; (c) acrylamide/bisacrylamide solution was filled in the channel and
UV selectively exposes the desired area to cross-link polymerization.

After the conditioning step, the suppression of electroosmotic flow was still weak.
Therefore, a two-step monolith manufacturing procedure was applied [134] [137]. First,
UV-initiated grafting with LPA is used to coat the channel surface with a thin layer of
polymer that has a multitude of pendent double bonds. These bonds are then used in the

next step for covalent attachment of the PA monolith to the wall.

As shown in Figure 5-12 (a), a solution of 5% (w/v) acrylamide containing 5mg/mL
water-soluble photoiniator 2, 2’-azobis (2-methylpropionamide) dihydrochloride (V-50)
was flushed through the channels, followed by 10-minute exposure to a 100W mercury
lamp to initiate polymerization of a LPA coating on the wall surfaces. The unpolymerized
solution was flushed out of the channels, shown in Figure 5-12 (b). Then a solution of
20% acrylamide/bisacrylamide including 0.2% (w/v) water-soluble photoiniator 2,2’-
azobis[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086) was introduced into the
channels. At last, selective exposure to UV formed a narrow gel band, shown in Figure

5-12 (c).
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5.4.1.3 Gel Quality Control

As shown in Figure 5-13, the interface of gel and the aqueous solution was quite different
from the gel inside the gel range. The interface seemed ‘glue-like’ such that during the
concentration testing, protein sticks to the interface. There are a few reports on the gel
interface control [138]. As discussed in [138], the interface shape underscores the good
control of gel. The resolution of the photo-patterned polymer in the channels is
determined by the photolithographic resolution and the diffusion of radical from exposed
area to unexposed area. The photolithographic resolution was limited by the wavelength

of light and the thickness of the cover plate, as described in [138]:

Gel Ranee

/v Gel

100um

Figure 5-13 A gel formed in the PDMS channel

b = gq/z(s 1 212) (5-8)

where A is the wavelength of the light, bmi, is the resolution, s is the distance between the
mask and the polymer surface, z is the thickness of the cover plate. The gel in PDMS
microchannel was prepared using the projection lithography with a 170um borofloat
glass. Therefore, the resolution in this case is not an important in the generation of this

glue-like interface.
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Another possible reason for the interface is the diffusion of free radicals migrating from
the exposed area to the unexposed area. As shown in Figure 5-14, using different
objective to input the same energy into the system, different exposure time caused the
different degree of diffusion of free radicals, thus resulting in different gel plug length.
The later (Figure 5-14 (b)) is about 4 times as long as the former gel plug length (Figure
5-14 (a)). Also the blooming due to the partially polymerized polymer was increased with
the exposure time. From this comparison, increase in the light intensity with short

exposure time limits the diffusion of free radicals.

(a) (b)
Figure 5-14 (a) PAAm gel formation in 50 um channel with 40 X objective (NA 0.6) for exposure for

10s; (b) PAAm gel formation in 50 um channel with 10X objective (NA 0.3) for exposure for 160s
(both images are contrast-adjusted)

Atmospheric oxygen inhibits radical-initiated polymerization. These radicals must first
react with the oxygen dissolved in the sample to reduce its concentration low enough
(~10°M) to allow the monomer to compete successfully with oxygen for the scavenging
of the initiating radicals [139]. The effect of this is particularly pronounced in the present
case because of the slow production of free radicals upon the photochemical
decomposition of the photoiniators. Also, PDMS is an air permeable material through
which oxygen can easily diffuse, resulting in the failure of gel formation. One strategy
can be used to minimize the inhibitory effect of the atmospheric oxygen: High intensity
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of light can be used to speed up the iniators photolysis. This will increase the production
of free radicals, and reduce the exposure time limiting the diffusion of free radicals and
oxygen. Also, soaking PDMS in the water or aqueous solution helps to reduce oxygen

scavenging.

Another method of improving photopolymerization is to increase the rate of free radical
generation by using fast decomposited photoiniators. VA-086 is an azo-group initiator
with the disadvantages such as low absorption and associated low polymerization rate
[139]. Other photoiniators such as hydroxyphenyl ketone were reported to be applied to

UV curing of acrylate systems with short curing times [139].

5.4.2 Cross-linked Polyacrylamide in COC Microchip

5.4.2.1 Chip Fabrication

As summarized in 3.1.5, COC has become an attractive candidate for polymer-based
microfludics due to its excellent optical properties and its good chemicals resistance.

Also, COC can easily be fabricated by hot embossing and injection molding.

COC chip fabrication is a simple process. A negative Su-8 was fabricated on a bare
silicon wafer by Su-8 lithography with different thickness between 20um and 100um. To
increase the adhesion of Su-8 to the silicon wafer, an extra 3-hour baking at 200°C was
applied. A piece of 3.5”x3.5”x2mm COC (Zenor® 1020R) was sandwiched between a
clean 5” glass and 4” Su-8 mold. The sandwich was inserted into a pre-heated hot press at

a temperature 20 °C above the glass transition temperature of COC (Zenor® 1020R, i.e,
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Tg, 105 °C). A pressure was applied during the hot embossing. After the press was
cooled down below the glass transition temperature, the replica was separated from the
Su-8 mold and allowed to cool down to room temperature. The pattern was 1:1
transferred to the replica. After that, another piece of blank COC plate with pre-drilled
holes was aligned with the replica and sandwiched between two clean glass plates. The
sandwich was inserted into the pre-heated hot press with pressure, whose temperature
was set to just above the glass transition temperature of COC. High pressure was applied

to achieve the desired bonding strength.

5.4.2.2 Cross-linked Polyacrylamide Fabrication

The primarily function of polyacrylamide fabricated in COC chips is to separate proteins
with different mass/size according to a size-excluded mechanism. Therefore, a different
concentration of acrylamide/bisacrylamide was used to for the separation gel, usually 8%.
Polymerizations both with and without photografting step were explored. The
photografting procedure started with the introduction of a mixture of 1:1 ethylene
dimethacrylate (EDMA) and Methyl Methacrylate (MMA) into the channel by the
syringe pump at 0.2 puL/min for 30minutes to avoid trapping bubbles inside. The whole
chip was then exposed under 28 mW/cm? for desired time, typically 3 minutes. Finally

the un-polymerized solution was replaced by methanol.

The mixture of 8% (%T) acrylamide/bisacrylamide containing 10mg/mL V-085 was
slowly injected into the chips by syringe pump at 0.2 plL/min for 30min. For

visualization, Blue G-250 (Coomassie Brilliant) was added into pre-gel solution. A film

95



mask was firmly attached to the chip. The chip was then exposed under 28 mW/cm?
using contact lithography for optimized time, typically for 5~15 minutes, depending on
the concentration of the photoiniators. The chip was stabilized for another 15 minutes to
let the remaining free radicals finish polymerization. This process was finished by

flushing water through the chip for 12 hours to remove all the unpolymerized solution.

In the absence of prior surface treatment (photografting), after flushing for 2 hours, the
channel seemed clear. It was believed that most of the monolith was pumped out of the
channel. It seemed that the monolith was loose within the channel and the pressure from

flushing pump finally removed the entire monolith out of the channel.

Using grafting with EDMA and MMA for 3 minutes, a section of gel remained in the
center of channel after flushing for 16 hours (shown in Figure 5-15 (Left)). This indicates
the PAAmM gel has covalently bonded to LPA layer, strengthening the bonding between
the PAAm and the chip walls.

N - 100um
\

Gel/water Interface

Figure 5-15 PAAm gel/water Interface in microchannel (Left) and its closed-look (Right)

Figure 5-15 (right) is the closed-look of the PAAmM gel/water interface. It shows that

more than 100 um ‘blurring’ of gel plug is observed. As discussed in 5.4.1.3, the
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resolution of the gel is determined by the resolution of the contact lithography. The
thickness of the top plate was as thick as 2mm, leading to a theoretical resolution limit of
30~40 um. It indicated that the resolution of the contact lithography is not the impact
factor to determine the resolution of the gel. Other factors, i.e., diffusion of free radicals

in the interface, may play more important role in affecting the gel resolution.

5.4.2.3 Further Discussion of Gel Fabrication

Knowledge about how to improve the gel quality within a microchannel was generally
developed through the experiments in 5.4.1 and 5.4.2. Several strategies to improve the

gel quality are summarized as follows:
e Increase the exposure intensity and decrease the exposure time.

The first benefit of increasing the exposure intensity and decreasing exposure time is to

reduce the diffusion of free radicals. The diffusion will be worse with time: L =+/2Dt
(here D is diffusivity, t is time, and L is diffusion length). This diffusion causes the low

resolution shown in Figure 5-15.

A UV band filter was necessary since, in most case, UV lamp has a wide range spectrum.
For example, SunRay400SM UV lamp has the spectral distribution as demonstrated
in Figure 5-16. It includes several peaks around 300nm, 360nm, 450nm, 550nm etc. A
narrow band filter with a peak around 345nm~375nm can exclude the undesired UV

components.
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SunRay400SM UV Enhanced Lamp Spectral Distribution
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Figure 5-16 SunRay400Sm UV enhanced Lamp spectral distribution
A better solution to get a sharp interface of gel-water is to use a laser light source or

projection lithography. High magnification of lens can provide enough intensity with the

tradeoff of small depth of focus (DOF).

e Thinner cover plate

Here a 2mm thick COC plate was applied. As calculated in 5.3.3.2, the resolution was
limited by thick cover plate. Also, thicker polymer absorbs more thermal energy and, due

to low thermal conductivity, the thermal effect is considerable.

e Chemicals

Photoiniators play very important role in the polymerization. Increasing the concentration
of photoiniators will be helpful to increase the polymerization ratio. The higher the
polymerization ratio, the lower the diffusion of free radicals or oxygen due to limited

exposure time. Hydroquinone is a radical scavenger of free radicals. It can be added to
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prevent premature polymerization of the monomer that may occur due to exposure to

ambient light or elevated temperature.

5.5 Conclusions and Future Works

This chapter first demonstrated the concept of microchannel gel electrophoresis by
replaceable separation medium (e.g., PEO gel) in a microfluidic chip, including
instrumentation and protocol. Several issues (such as sample loading, stacking/destacking
etc) were discussed in detailed. Due to hydrodynamic force, the stability of PEO gel was
so poor that the separation of protein was not dependent on the electric field only,

resulting in a boarder band and faster dilution of protein during the separation step.

To increase the stability of the separation medium, highly cross-linked PAAmM gel was
explored in the microchannels via in-situ photoiniated polymerization. PAAmM gel was
fabricated in PDMS via two-step surface treatment and two-step polymerization
procedure to increase the covalent bonding of the monolith to the sidewalls of the
polymer. Also, the gel performance was verified through DNA concentration and elution
against the gel. Then, the PAAm manufacturing technique was transferred into the
microfluidics based on COC. In addition, several strategies to improve the gel quality

were discussed in detailed.

Protein separation in PAAmM gel is not yet tested. The future works include the gel quality
control in COC chip, the demonstration of protein separation in 8% (%T) PAAm gel and

the following ESI deposition onto the target as designed.
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Chapter 6 Gas-Phase Electrophoretic Protein/Peptide

Concentration for MALDI-MS

6.1 Introduction

Air-dried method is one of the oldest and simplest sample preparation methods for
MALDI. A sample deposited by air-dried method typically measures 5~15 mm?in size.
Only a tiny portion of this (0.002~0.004mm?) is irradiated by laser for ion generation
because the laser spot size is around 200um [140]. In addition to this discrepancy, the
heterogeneity of sample prepared by air-dried method is a concern. It has been shown
that the problem of heterogeneity can be overcome or reduced if the sample diameter is
reduced to below 250 um. In that case, a large portion of the deposited sample can be
laser-irritated simultaneously since the laser spot diameter is usually 200 um, improving
sensitivity and rending signal suppression less frequent. Therefore, one strategy for

improving signal reproducibility is to decrease sample size.

As described in Chapter 4, a polymer microfluidic chip with PTFE membrane has been
demonstrated with good performance. The size of the deposition was observed to have a

linear relationship with the chip-to-ground spacing for gaps larger than 450 um [141].
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Further efforts to reduce the size of the deposited sample by reducing the chip tip-to-
electrode spacing below 450 um was explored, resulting in limited success due to the
instability of electrospray performance, as shown in Figure 6-1. It indicates simply
reducing the spacing to a very short distance did not offer good stability and repeatability

of electrospray performance because a considerable amount of debris in the ES solution

remained onto the target due to short evaporation time.

(a) 1 min elapse (b) 2 min elapse (c) 3min elapse

Figure 6-1 Taylor Cones Observed for 300 pm spacing with time elapsed, 2.1KV applied

Another method to concentrate the density of the sample on the target, electric field

focusing method, was explored in this project.

6.2 Theoretic Design

6.2.1 Background

Under static condition, the potential, V, can be described by
E=-VV (6-1)

Using this equation combining with the constitutive equation D = ¢E to rewrite Gauss’s

Law, — VD = p, then Poisson’s Equation is written as
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-V(g,eV)=p (6-2)

where &,, ¢, are the permittivity of vacuum and the relative permittivity, V is the electric

potential, and p is the surface charge density. This equation can be solved by FEMLAB

combined with the boundary conditions.

When a positive potential is applied to a point-like structure with a very small size
compared with the ground electrode, the electric field appears as a Gaussian distribution,
as shown in Figure 6-2. Due to the electrophoretic motion of the molecules under the

electric field, the deposited area is larger than the point source size.

To increase the local density of molecules on the ground electrode, the deposited area
should be reduced. Here, a cross field was proposed to focus the electric field into a small

range to deposit the sample in a more refined area.
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Figure 6-2 Electric field distribution for a large ground electrode plate without focusing
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6.2.2 Horizontal Cross Field Focusing Model
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Figure 6-3 Schematic of horizontal cross field focusing model (unit: micron)

The model shown in Figure 6-3, referred to as a horizontal cross field focusing model,
indicates that the cross field was generated by the potential applied to the by-pass area,
which was located at the same level as the grounded target. The electrospray source is
located in the center with applied voltage Ve. The distance between electrospray source
and the ground target is Imm.The ground pad in the target is 150 um in diameter. The
gap between the pad and the by-pass area is 500 um. Assume the by-pass area is larger

than 1mm.
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Figure 6-4 Simulation results for different by-pass voltage (from top to bottom, 300V, 500V, 700V
respectively) at a constant electrospray voltage of 1000V

Figure 6-4 shows the simulation results for different by-pass voltages at a constant
electrospray voltage of 1000V. The arrow size and the direction in the figure represent
the electric field intensity and the direction of electric field. The surface plot shows the
distribution of electric potential. With an increase in the by-pass voltage (as shown
in Figure 6-4), the electric filed from the electrospray source to the center pad was further
confined by the electric field from the by-pass area to the center pad, indicating that the

ions will be deposited in a smaller area.

Figure 6-5 demonstrates the relationship between x-component electric field and the
position to the center of the pad with different by-pass voltages. All the data were

collected at the surface level above the target plate 10 um. The position 2.575mm is the
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center of the target plate. Starting with a by-pass voltage around 300V, the x-component
electric field was directed to the target, indicating that the cross field had taken effect on
the focusing of the electric field. With the higher by-pass voltage, the higher x-
component electric field was directed to the target plate. This indicates more ions will be

attracted to the target plate due to electrostatic force.

; i _ Vb=0V
i i | | — Vb=300V ||

| — vb=s00v
Vb=700V
Vb=900V

displacementim)

Figure 6-5 X-component electric field vs. displacement in different by-pass voltage cases

However, due to small spacing between the by-pass area and the central target plate, air
breakdown may occur if by-pass voltage is too high. The electric potential between the
by-pass area and the central target should be lower than the breakdown voltage, i.e.,
1500V at 500um gap because the air dielectric constant is 3x10° /m . Surface
electromigration, a directed motion of atoms at solid surfaces, grain boundaries and

interfaces, will also be one possible source of failure due to an electric current in the bulk
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of the material. Electromigration is exacerbated by high current density and Joule heating
of the conductor, eventually leading to failure of electrical components. Considering the
above reasons, the by-pass voltage was limited to 30~40% of the electrospray voltage,

with the trade-off of low focusing effect.

During the alignment of the electrospray tip with the target plate (around 150 um in size),
misalignment, which means the electrospray source is not centered on the top of target
plate, may occur. Figure 6-6 shows simulation results exploring the effects of
misalignment. The electric field distribution changed when the source position was far
away from the center of the target plate. Also, as demonstrated in Figure 6-7, the center
of the normal electric filed generally moved with the moved source. The corresponding
motion of the electric field is not significant, so many misalignments smaller than 300

um could be ignored.
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Figure 6-6 Misalignment effect. From top to bottom, (a) The source is positioned around 75um far
away the center of the target plate. (b) The source is positioned around 150um far away the center of
the target plate. (c) The source is positioned around 450um far away the center of the target plate,
while the by-pass voltage is 300V and the electrospray source is 1000V.
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Figure 6-7 Peak of the normal electric field vs. the distance of electrospray source to the center

6.3 Mass Spectrometry Analysis by Line-structured Concentrator

6.3.1 MALDI Sample Preparation

1mg of peptide Angiotensin I (MW 1296.5) was prepared in a buffer solution containing
50% water, 49% methanol and 1% formic acid at a concentration of 10pmol/uL. The
sample was stored in the freezer. The initial Angiotensin | solution of 10pmol/uL can be
diluted to the desired concentration by adding more buffer solution. 10mg CHCA powder
was added into ImL matrix buffer (50% Acetonitrile, 40% water, 10% acetic acid) to
achieve 10mg/mL concentration, vortexed for 1 min, and followed by ultrasonication for
20 mins untill the powder was fully dissolved. The 10mg/mL matrix solution can be

diluted to a desired concentration by adding more matrix buffer. The same volume of
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sample and matrix was mixed and vortexed for 1min, keeping the constant ratio of

sample amount to matrix amount.

6.3.2 MALDI Analysis on Standard Stainless Plate

A high performance mass spectrometry MALDI AXIMA CFR™ plus (Shimadzu

Biotech) was used for mass spectrometry analysis. The sensitivity of this instrument is

about 10 fmol in reflectron mode (insulin B chain).
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Figure 6-8 MS analysis by electrospraying on stainless steel plate with varying sample amounts (a)
sample amount=100fmol; (b) sample amount=10fmol; (c) sample amount=1fmol

The MS analysis of the sample deposited by electrospray method on the standard steel
plate was explored first. The steel plate was electrically ground and the same sample was
deposited on the pre-cleaned target plate. The deposited amount was calculated as the
product of the flow rate and the deposition time. Figure 6-8 shows the MS analysis data
by electrospraying the sample on the stainless steel plate with varying sample amounts.
As shown in Figure 6-8 (c), a great deal of noise background was observed when the
sample amount was 1 fmol; therefore, the detection limit of electrospraying on the

stainless steel plate without any focusing effect was about 10 fmol.

6.3.3 MS Analysis on Line-structured Concentrator

The fabrication of the line-structured concentrator started from a single-layer PCB board,

with 25 um thick copper on the top. The patterns were generated by a high-precision
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CNC milling. The final dimension of a typical line is 150 um in width and 500 um in

space to by-pass area.

The concentrator was fixed on a house-made 45° x, y, z-translation stage. A 5cm tapped
capillary tip (ID: 100um, OD: 360um, New Objective, MA) was connected to a T-
junction with a platinum electrode as the electric contact. This electrospray source was
also mounted on another homemade 135° three-dimensional translation stage. The
distance between the electrospray source and the prestructured target plate can be

adjusted by these two translation stages.

Non-concentrated method and concentrated method were both explored on the same
target plate. For the non-concentrated method, the by-pass area was grounded as target.
For the concentrated method, a by-pass voltage (~560V) was applied to the by-pass area
and the line with deposited sample was grounded when the electrospray voltage was
around 1700~2100V on the electrospray source. The deposition showed a small line on
the copper line 150um in width, and 1/64” ~ 1/32” in length depending on the specific
deposited matrix amount. No apparent matrix (or color) showed in any other area except
the grounded line. The deposition time is timed starting from when a stable current is
monitored. Total deposited amount is calculated as the product of the set flow rate and

the deposited time.

As demonstrated in Figure 6-9, the red curve was the MS signal profile of non-
concentrated method in 1 fmol and indicated using this method 1fmol cannot be detected.

However, the blue drawing in Figure 6-9 was the MS signal profile of concentrated
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method in 1 fmol. Although the signal-to-noise ratio was high, the concentrated method

still can detect this low amount.
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Figure 6-9 Concentrated method improved the detect sensitivity compared with non-concentrated

method.

6.4 Mass Spectrometry Analysis on Point-structured Concentrator

6.4.1 Fabrication of Point-Structured Concentrator

The line-structured concentrator only provided one-dimensional concentration, resulting

in the sample deposited in a narrow but long (around 500um) linear area. To improve the

concentration effect, a round pad (or called as point-structured) concentrator was

fabricated to achieve two-dimensional concentration.
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Figure 6-10 Schematic of fabrication process of point-structured concentrator

The fabrication of the point-structured concentrator started with a 1.7mm thick double-
side PCB board, shown in Figure 6-10 (a). A series of ®2mm holes 100um in thickness

was drilled with a CNC milling machine from its backside with 5mm spacing. On the
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front side, a series of ®1mm holes 100um in thickness was drilled with the alignment to
the backside holes. Then a series of ®200um through-holes were centered in the ®1mm
holes, shown in Figure 6-10 (b). After drilling these holes, a section of gold wire that was
coated by PTFE (i.d. 75um, 0.d. 200um) was inserted into each drill-through hole. The
wires were fixed in position by thermal epoxy after cured at 85 °C for 2 hours (Figure
6-10 (c)). Both sides of copper surface were mechanically polished to expose the gold
wire, as demonstrated in Figure 6-10 (d). The final step was to coat the backside with a
thin layer of electrically conductive epoxy followed by curing at 80°C for 2 hours (Figure

6-10 ().

Epoxy

copper

Gold pad

Figure 6-11 Microphotograph of a typical point-structured concentrator
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The typical topography of a concentrator is demonstrated in Figure 6-11. In the center,
the shining circle is the gold wire. The dark is thermal epoxy coating and the outside
range was copper. The diameter of the dark epoxy was about 1mm and the resulted space

between the gold wire and the copper was nearly 500 um.

6.4.2 Mass Spectrometry Analysis by Point-structured Concentrator

The experiment setup is similar to that described in section 6.3.3. After optical and
electrical examination, the desired amount of the sample was deposited on the selected
point/pad by applying by-pass voltage and electrospray voltage on the by-pass area and
the electrospray source, respectively. The typical electrospray voltage was around
1500~2000V and the by-pass voltage was around 600~700V. The typical measured

current was in the range of 20~100 nA.

Figure 6-12 Microphotograph of a typical pad with deposited sample

Also, from microscope observation, there was sample deposited on the pad after
electrospray, shown in Figure 6-12. In this figure, some dark area showed the scratching

due to mechanical polishing.
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Figure 6-13 MS analysis of low-abundance sample prepared by point-structured method (a)
100amol; (b) 50 amol.

For low-abundance sample, the signal-to-noise ratio decreases as the concentration
decreases, as shown in Figure 6-13. There are two possible factors that affected the
concentration effect. First, the optical scheme in MALDI MS works for the standard steel
plate, but it does not fit for the concentrator. The tilted surface of the gold pad caused the

difference in light intensity. This tilt problem is likely due to surface polishing. As shown
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in Figure 6-14, 2X objective embedded camera in MALDI MS made the light spot
alignment with the gold pad very difficult. Some solutions to this problem include, using
another method to get a flat surface; or changing the optical path in MALDI. Further

research will explore a new fabrication method.

Field of view

Gold pad

Epoxy area

Figure 6-14 Microphotograph taken by the embedded camera in MALDI-MS

Another problem came from the misalignment of the electrospray source and the gold
pad. As demonstrated in the FEMLAB simulation, with low concentration, the monolayer
size will be small, thus the misalignment effect will be worse than that case in line-
structure. Also, due to the electric field in the epoxy area, some sample could be
deposited on the epoxy area, further reducing the amount deposited on the gold pad. A
more precise experimental setup is required to obtain the entire sample located on the

gold pad to increase the effective sample amount.
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Figure 6-15 Varying by-pass voltage effect on the point-structured concentrator. From top to bottom,
the by-pass voltages are 300V, 500V, and 700V respectively while the electrospray voltage is 1000V.

Considering that the point-structured was fabricated on a double-side PCB board and the
thickness of glass clothes inside was only 1.7mm, the modified model was simulated as
the results shown in Figure 6-15. There is certain electric field leaking into the PCB so
that the focusing effect was weakened. It appeared that the by-pass voltage should be
increased compared with the line-structure to achieve the same concentration in one-

dimension.
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6.5 Middle Cross Field Focusing Model
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Figure 6-16 Middle Cross Field Focusing Model

To improve the efficiency of the focusing effect, another method, the middle cross field
focusing method, was demonstrated by numerical simulations. Unlike the horizontal
cross field focusing model, this model describes a configuration that the by-pass area is
located between the electrospray source and the grounded target pad, as shown in Figure
6-16. A 500um thick conductive metal sat on the top of the target surface with a high
dielectric constant material as its base. Varying by-pass voltages were applied to this

configuration.
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Figure 6-17 Varying by-pass voltages effect on middle cross-field focusing model; from top to bottom
the by-pass voltages were 300V, 700V and 900V respectively, while the electrospray voltage is 1000V.

Figure 6-17 demonstrates the FEMLAB simulation results of varying by-pass voltage
from 300V to 900V on the middle cross-field focusing model. Clearly, with higher by-

pass voltage, the electric field from the electrospray source to the grounded plate was

better-refined.

Table 6-1 Focusing area radius for two model using different by-pass voltage

Horizontal Cross-field model  Middle cross-field model
By-Pass voltage (V) |[Focusing area radius (um) Focusing area radius (um)
100 N/A 84
300 >75* 68
500 72 53
700 52 36
900 31 15

*The radius was limited by the target geometry, not by the electric field
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The focusing area of the electric field coming from the electrospray source can also be
roughly measured by analyzing the FEMLAB simulation results. As listed in Table 6-1,
the middle cross-field focusing method can achieve higher concentration than that
predicted by the horizontal cross-field model. It also offers the theoretical proof that
higher concentration may be achieved by inserting a by-pass ring in between the

electrospray source and the grounded target.

6.6 Conclusions

This chapter explored the use of a pre-structured MALDI target to improve the
homogeneity of the sample by reducing the size of deposited sample. Simply shortening
the distance between the electrospray tip and the counterelectrode can not generate stable
spray performance. Therefore, a new method, using the cross-field to confine the electric
field from the electrospray source to the grounded target, was proposed and verified by
FEMLAB simulations. The numerical simulations showed that as by-pass voltage (or
horizontal electric field) increases, more confinement on the vertical electric field
resulted in a better focusing effect, leading to smaller size of sample deposited by the

electrospray method.

Based on the simulation of the horizontal cross-field focusing model, a line-type
prestructured MALDI target, in which an isolated line created by CNC milling on PCB
board, demonstrated improved MALDI MS data sensitivity for low abundant sample, i.e.,
low to 1fmol. Meanwhile using electrospray deposition on a standard steel plate can only
detect >10 fmol sample at the same conditions. The point-structured target, which utilized

2-dimensional focusing instead of 1-dimensioanl focusing on the line-type prestructured
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target, was fabricated by embedding gold wire in PCB board to obtain the isolated
conductive pad. The resulted MALDI-MS data showed that using this method, low to 50
amol sample can be detected. However, due to poor compatibility between the present
MALDI instrument and our customized target, some limitations from the instrument also
constrained higher detection capacity and high single-to-noise ratio, which is addressed in

detailed.

To further explore the prestructured target, a middle cross-field focusing model was
proposed, offering higher concentration effect in theoretical design. It gave the potential
direction to further improve the concentration effect and achieve high detection

sensitivity.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The presented polymer microfabrication method involved template fabrication, hot
embossing and different bonding techniques such as thermal bonding, solvent bonding
and so on, as well as macro-to-micro integration. Due to low cost, polymer substrates
with simple fabrication techniques facilitate mass production of disposable microfluidic
devices. Several polymer materials were used in this study to form microfluidic
networks, including PC, PMMA, PDMS, COC etc. Also different machining methods

such as CNC milling and low speed sawing were explored.

An electrospray tip on a polymer-based microfluidic device was designed to interface to
the online ESI-MS or the off-line MALDI-MS. This technique utilizes the high
hydrophobicity of porous membrane to prevent fluid from spreading along the flat
surface and has demonstrated good electrospray performance. Several different
membranes and bonding techniques were considered according to their properties, and
the final winner was PTFE membrane with 70% porosity and 0.22 um pore size
thermally bonded to the flat surface of PC or COC chip. The characterization of a single-
channel electrospray tip was further investigated to understand the electrospray principle.
The main application of this electrospray tip was to deposit protein/peptide sample on a
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stainless steel plate followed by MALDI-MS. Electrospray deposition method improves
the homogeneity of the deposited sample, and reduces the size of the deposition to further

increase the local density of sample spot resulting in higher sensitivity.

Utilizing a similar principle, a multi-channel electrospray tip array was explored for
future parallel analysis. The challenge in multi-channel electrospray tip array was to
standardize flow resistances for all channels. This proved difficult for multiple reasons
such as varying channel exit shapes due to mechanical milling, different pore collapse of
porous membrane due to the heat and pressure during the thermal bonding, uniformity
due to fabrication process (e.g., hot embossing, thermal bonding) etc. Efforts were made
to optimize the mechanical milling and membrane bonding. A novel method, referred to
as embedded capillary method, was first applied to reduce the debris clogging the channel
exit during the mechanical milling and sawing utilizing different material properties of
fused silica capillary and polymer. This method combined with the optimized milling
and membrane bonding technique shows promising potential for parallel analysis, such as

coupling high throughput multiplexed separations to MS.

A gel electrophoresis microfluidic network was designed to couple with MALDI-MS via
electrospray interface. Denatrured protein-SDS complexes can be separated by the
sieving mechanism of gel electrophoresis according to different m/z ratio. Following with
MALDI-MS can further improve the sensitivity and resolution of the whole system,
which can be used as an alternative technique to two-dimensional SDS PAGE.
Replaceable gel solution, especially PEO, was first considered in this project due to good

separation performance demonstrated in other groups. Although PEO gel showed some
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results, band broadening due to hydrodynamic force in the system and lack of sample
pre-concentration prior to the separation step resulted in poor separation. Hence, highly
cross-linked gel was used instead, photopatterned in-situ in the desired area.
Functionalization of the polymer surface and corresponding surface chemistry were
studied in this work. Cross-linked polyacrylamide gel was covalently bonded to the
sidewalls of polymer microfluidics after surface treatment of the inside channels. First,
polyacrylamide gel was manufactured in a PDMS microchannel to test the gel chemistry
and performance. Using the same technique, 8% (%T) polyacrylamide gel was formed in
the separation channel in COC chips and acted as separation medium. PC/PMMA chips
were found unfit for photografting and photoiniated polymerization due to their poor
transmission in the UV range. Further protein separation can be calibrated using the gel

electrophoresis in COC chips.

In the optimization of electrospray technology interfaced to MALDI-MS, reducing the
tip-to-counterelectrode spacing in electrospray minimized the size of the deposited
sample spot, about 550 um in diameter with 1mm in tip-to-counterelectrode spacing,
resulting in an increase in the local density of sample. However, further reducing the
spacing down to 450 um caused instability of electrospray performance, since a large
amount of residues remained on the surface of the target, eventually interrupting the
continuous electrospraying.  Another strategy to improve the sensitivity of low-
abundance sample is to use electric field to focus the charged molecules on a small size
due to electrophoretic movement of charged molecules. Different by-pass voltages and

misalignment for line structure and pointed structure effect on the sample size have been
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demonstrated by FEMLAB simulation. A line structure target was fabricated on a PCB
board by CNC milling. The lower limit of detection of 10 fmol peptide can be achieved
by air-dried method. Using the line structure (or 1-dimensional focusing) can detect low
to 1 fmol peptide. The fabrication of pointed-structure (or 2-dimensional focusing)
involved inserting a gold wire into the PCB board fixed with epoxy and the following
mechanical polishing. Using this customized target, a low-abundance sample down to
50amol sample can be detected. The limitations to this design were also addressed. A
new method, the middle cross field focusing model, was proposed with demonstrated
FEMLAB simulation. The results showed an improvement in further reducing the
deposition size and offered the potential to achieve higher concentration of sample and

better detection limit.

7.2 Contributions

Polymer-based microfluidics have a major impact on a range of bioanalytical instrument,
in particular for protein analysis, an area of critical interest to biotechnology and
pharmaceutical companies interested in the identification of biomarkers, new diagnostic
tools, and drug development. The literature provides only a few examples of how to
successfully couple standard capillary CGE with mass spectrometry, and essentially no
insight into the specific challenges involved in coupling nCGE to MS. Thus the
demonstration of this capability contributes uniquely to an economically- and societally-

important area of research.

The significant contributions from the dissertation research include:
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Development of novel ultra-rapid plastic microfluidic device fabrication

technology

Development of a low-cost microfluidic ESI source based on porous polymer

membranes capable of providing stable electrospray at flow rate below 10 nL/min

Demonstration of a multichannel microfluidic ESI array capable of simultaneous
electrospray from channels spaced less than 200 um apart, capable of high-

throughput and parallel deposition of biomolecules onto a MALDI target plate.

Development of a microchannel gel electrophoresis separation system coupled
with mass spectrometry via electrospray interface; Replaceable and cross-linked

gel both are explored in polymer-based microfluidics.

Development of a novel concentration method for MALDI-MS, further improving
the performance of electrospray prepared method by using the electric field
focusing effect, capable of the detection of low abundance sample below 100

amol.

7.3 Future Work

The remaining research involves optimization of protein separations via cross-linked

polyacrylamide gel electrophoresis and further optimization of multichannel electrospray

tips for multiplexed analysis from a single microfluidic chip which multiplexed MGE

coupled with MALDI-MS. Specific goals for each direction are described in the

following.
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7.3.1 Microchannel Gel Electrophoresis System

The microchannel gel electrophoresis device should be further investigated for

optimizing several key performance criteria, namely:
1. Model proteins separation calibration

Using the optimizing gel system, several model proteins will be used as analytes to
calibrate the sensitivity and resolution of the device by on-chip fluorescence detection.
The movements of model proteins should be monitored. Specific phenomena including
differential mobility stacking during protein plug injection and band broadening during

separation should be investigated in detail.
2. Demonstration of uCG-ES coupled to MALDI-MS

On-chip separated model proteins should be delivered to an electrospray tip to deposit the
separated bands onto a MALDI target so that off-line MALDI mass spectral analysis can
be performed. Before MALDI optimization, single channel ESI-MS from the nGE-ES

should be characterized to determine the optimal flow rate and working voltage.

In addition, other techniques combination such as IEF coupled to MS etc, also can apply

the same microfluidics technology via the electrospray interface.

7.3.2 Electropsray Tip Arrays

The nCG-ES system results in two fundamental contributions to the field of microfluidic
bioanalytical technology. The first contribution is the integration of uCG with ES in a

single integrated chip. The second contribution lies in the polymer membrane
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electrospray technology. This fundamentally new approach of electrospray ionization or
deposition enables the development of electrospray tip arrays that may be used for
multiplexed analysis. This dissertation research addresses the optimization of
multichannel electrospray tips for coupling high throughput multiplexed separations to
MS. Future work should further explore the potential of coupling multiplexed separation

to MALDI-MS via multiplexed electrospray tip array.

Other sample preparation techniques can be integrated with MS by the interface of
multiplexed electrospray tip array. For example, the hydrophobic PTFE membrane
showed the ability to absorb Trypsin due to hydrophobic interaction. Combined with
multiplexed electrospray tip array technology, on-line protein digestion can be integrated
with MS without cross-contamination. Further work should further explore the potential

of the integration of other sample preparation techniques with MS
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