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Abstract

Proteomic analysis is traditionally performed with techniques that suffer from low-
throughput, high cost, large size, and lack of automation. Although these macro-
scopic techniques are well-established, miniaturisation may offer improvements
beyond those that are attainable with more traditional approaches. In this work,
we present the development and characterisation of a microfluidic system capa-
ble of electrophoretically separating and detecting proteins. A novel application of
this system to salivary protein analysis demonstrates its applicability to proteomic—
type analysis on a micro-scale. Such developments aim to lower costs, increase
throughput, and increase automation, all of which are necessary to conduct wide-
spread proteomic analyses. Preliminary work is also presented on a microfluidic
device capable of coupling an electrophoretic protein separation with electrospray
ionisation and ion mobility spectrometry. Such a device would permit miniaturised
two—dimensional separation of the sample constituents and a technique capable of

advanced proteomic analysis.
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Chapter 1

Introduction

The research discussed in the thesis addresses protein analysis for profiling the pro-
tein content of complex biological samples. Traditionally, such research is con-
ducted in high cost, low—throughput instrumentation. As the study of proteomics
grows and the requirement for rapid and comprehensive protein analysis and data
generation becomes greater, traditional analysis techniques will not be able to keep
up with demand. As such, it is important to develop analytical systems capable of
providing low cost, high—throughput analyses on complex samples. This is a pro-
totype of a class of device that might permit rapid and parallel analyses of large
sample sets or could be used as personalised point—of—care diagnostic tools. With
the above goal in mind, the development of microfluidic tools for protein analysis
was addressed.

Originally, the research targeted the creation of a microfluidic system capable
of electrophoretically separating proteins and introducing them into an ion mobility
spectrometer for further separation and analysis. Also included in the research plan,
was the creation of a miniature ion mobility spectrometer. As a complete system, it
would be capable of two—dimensional analysis of proteins in an integrated system.
Although a device capable of this type of analysis was not fully realised, critical
components necessary for the implementation of such a device were developed and
studied. As such, four main research components advanced the knowledge required
to create such a device.

The first component of the research involved the development of a microflu-
idic system suitable for conducting microfluidic protein analysis (see Chapter 2).
This work included the development of protocols used to modify microfluidic chan-
nel surfaces to prevent loss of protein sample due to wall adsorption. In addition,
polyacrylamide gels were polymerised within the microfluidic channels to provide
a sieving matrix in which electrophoretic protein separations could be conducted.
The channel coatings and the polyacrylamide sieving matrix developed in this thesis
permitted the miniaturisation of sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, or SDS—-PAGE, a standard analytical technique used in proteomic stud-
ies.

The second component of the research involved characterisation of the system
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to assess its suitability for performing protein analysis (see Chapter 3). This work
involved the separation of standard mixtures of proteins to assess the system perfor-
mance, which was evaluated on several fronts. System performance was evaluated
for separation quality, conformance to known separation behaviours, system sensi-
tivity, and system repeatability.

The third component of the research required the analysis of a complex pro-
teomic sample. Whole unstimulated saliva analysis, or sialometry, was conducted
in the characterised system and the performance of the analysis was assessed for
suitability to diagnostic applications (see Chapter 4). Such work found that the
system may be suitable for diagnostic applications upon the acquisition of relevant
clinical samples and data. In addition, the application of the system to SDS-PAGE
based salivary protein analysis proved to be novel.

The final component of the research conducted for this thesis involved the cre-
ation of a microfluidic platform for coupling a microchip capillary electrophoresis
(MCE) system with ion mobility spectrometry (IMS) or mass spectrometry (MS)
using electrospray ionisation (ESI) (see Appendix A). This appendix describes the
linkages between the development of an IMS system outside the scope of this the-
sis and the concepts presented in Chapters 2, 3, and 4. In addition, it introduces
the concept and preliminary design of an integrated MCE~ESI microfluidic device.
The creation of a microfluidic analysis platform capable of MCE-ESI-IMS (see
Figure 1.1 or MCE-ESI-MS would enable advanced proteomic analysis to be con-
ducted primarily on—chip. With the MCE system providing pre—fractionation of
the desired sample and ESI bridging MCE with IMS or MS, it is expected such
an application could provide advanced high—throughput analysis of proteins with
performance on par with current low—throughput and higher cost techniques. Such
a system would also eliminate the need for fluorescence based sample labeling, as
the IMS system could detect proteins that are not fluorescently tagged. While an
entire system was not completed, the design of MCE-ESI microchip has laid the
foundations for future developments.

The miniaturisation of proteomic analysis is a daunting task requiring the de-
velopment of complex systems capable of countless functions. The incorporation
of knowledge from many diverse areas is required to fully realise a completely in-
tegrated and functional system. The work presented herein seeks to provide a basis
of research on the core components required for such analysis. This includes the
development of an electrophoretic system capable of separating proteins, the elec-
trophoretic separation of a complex proteomic sample, and the design of a microflu-
idic chip intended to couple electrophoresis and electrospray ionisation. These de-
velopments, supported by previous work in the field, advance the progress toward
a microchip—based tool that could be used in proteomic studies.
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Figure 1.1: This is simplified illustration of a MCE-ESI-IMS system. The MCE
and IMS portions of the instrument are coupled via ESI. The system would permit
two—dimensional separation of charged analytes in a miniaturised device.
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Chapter 2

Microfluidic Chip Preparation

To conduct microchip-based proteomic analyses, it is necessary to tailor the prop-
erties of microfluidic chips to fit this purpose. As noted in Chapter 1, the surface
properties of the microfluidic channels were altered to suit the application and an
appropriate gel matrix was also developed in which electrophoretic separations of
proteins could take place. The bulk of the discussion in this chapter relates to the
development of the channel surface modification techniques and gel matrix poly-
merisation techniques, as well as the results of these developments.

2.1 Microfluidic Channel Surface Coating

Self-assembled monolayers (SAM) and thin polymeric coatings that allow for mod-
ification of the channel surface properties are commonly recognised as key compo-
nents in developing reliable electrokinetic separations of biomolecules in microflu-
idic devices [1, 2]. For protein—based separations, one key requirement for obtain-
ing high quality analyses is the creation of microfluidic surface characteristics that
do not allow for non—specific adsorption of proteins onto the channel wall. This is
of particular concern in microfluidics, because the surface area—to—volume ratio in
these devices is much larger than those of more traditional capillary electrophoresis
techniques [2]. The complex structure of proteins lends itself to wide-ranging in-
teractions with surfaces because of electrostatic or hydrophobic interactions leading
to protein adsorption [3], and this larger ratio presents a more readily available sub-
strate on which proteins can adsorb. Such adsorption could lead to modifications
of the surface charge, causing inconsistent electroosmotic flow and thus separation
performance, and inherently reduces the quantity of sample that is available for
analysis and detection [4].

SAMs form from molecules adsorbing and assembling in a specific and ordered
orientation on a substrate for which they have an affinity. They can be used as a
means of protein adsorption repellence, or for anchoring thin polymer films that
will provide the repellence. Polymer films or coatings can be employed in a per-
manent (static) or non—-permanent (dynamic) fashion, and are formed by covalent
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bonding or physical adsorption respectively. Typically, SAMs and polymeric films
are applied to glass or one of a myriad of polymer-based substrates commonly used
in microfluidic applications. Controlling microfluidic device surface characteristics
via SAMs and polymeric films is critical to the success of microfluidic technology.

Microfluidic device channel coating is a field of study, especially for non—glass
substrates, that is still perceived to be in its infancy [1]. Because the work described
here uses glass surfaces, the techniques developed for use in traditional capillary
electrophoresis are often applicable [2].

2.1.1 Permanent Surface Modification Theory

The following section is largely based on research conducted for a course (ECE
558) required for partial fulfillment of my Master of Science program. This sec-
tion was derived from an extended abstract discussing the use of self—assembled
monolayers for modifying the surface of microfluidic channels [5].

Preventing non-specific protein adsorption in microfluidic channels is a key as-
pect of providing high resolution, sensitive, reliable, and reproducible electrokinet-
ically driven protein analyses. As such, understanding and manipulating the surface
chemistry of these microchannels is paramount [4]. In many cases, permanent mod-
ification of the channel surface can be achieved by applying self-assembled mono-
layers (SAMs) and thin films of polymers, also known as polymer brushes [1]. In
doing so, the microfluidic environment adopts a surface that prevents non-specific
protein adsorption and allows for the manipulation of electroosmotic flow (EOF)
[4].

Microfluidic devices feature small fluidic channels only tens of micrometers in
diameter that are usually centimetres in length. As previously noted, the small
channel diameter results in a very high surface area—to-volume ratio, therefore
increasing the importance of surface chemistry. Microfluidic structures are typi-
cally manufactured from different types of glasses or polymeric materials such as
poly(dimethyl siloxane) (PDMS). As such, the methods for modifying surfaces of
different materials varies depending on the requirements of the initial surface chem-
istry [2]. For example, glass surfaces are hydrophilic and present silanol surface
groups [2, 6], while PDMS devices are highly hydrophobic and have methyl sur-
face groups [2]. The wide use of various polymeric materials has led to a dizzying
array of surface chemistries and procedures for altering them.

Non-specific protein interactions generally occur because of electrostatic or hy-
drophobic interactions [3, 4]. Consequently, the need to create a surface coating
that is hydrophilic and shields or eliminates surface charge is paramount [4]. While
these objectives can be achieved by physical adsorption of polymeric or surface
active molecules to the surface (dynamic coating), covalent modification of the sur-
face, also known as static or permanent coating, is more stable and effective [2]. Co-
valent modification of surfaces was pioneered by Hjerten in the mid 1980s [7]. To-
day, many similar methods have been derived from this basic technique. Hjerten’s
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methodology modified fused silica capillaries in a two-step procedure. Initially, the
surface was modified by covalently attaching bi-functional silane molecules to the
surface via self—assembly. The second step involved using the head groups of the
silane molecules to bind polymers to the surface [7]. While improvements to this
procedure have been made in the last twenty years, the premise on which they are
based is essentially the same.

As previously mentioned, the first step of Hjerten’s procedure, as well as many
other approaches, is to generate a SAM of silane molecules, also called silanisation.
According to Kirby [&], the chemicals used to produce the SAM, and in turn func-
tionalise the surface, primarily consist of a hydrocarbon backbone terminated by an
alkoxysilyl group. Via a process of hydrolysis and condensation, these molecules
covalently attach themselves to a surface that has a silanol (Si-OH) group. While
native glasses typically have the silanol group, PDMS often requires an oxygen
plasma, UV, or corona discharge treatment to generate the required silanol groups
at its surface [6]. This covalent attachment to the ionisable silanol group helps to
reduce the surface charge. Both the choice of siloxane molecule and the choice
of solvent can also have an affect on the packing density of the SAM. Typically
toluene or water with an acetic acid catalyst are used as solvents, with toluene be-
ing the most effective. In the case of chlorosilanes, monochlorosilanes produce the
densest SAMs, while di- and trichlorosilanes produce more stable SAMs [4].

The SAMs discussed above create a covalently attached intermediate layer on
which thin polymeric films can be grafted. These films, also called polymer brushes
[1], can be composed of many types of polymers that are typically hydrophilic and
neutral [9]. Those typically used, include polyacrylamide (PAAm), poly(vinyl al-
cohol) (PVA), poly(vinylpyrrolidone) (PVP), and numerous others [2]. As with
silanisation, solutions are introduced directly into the microfluidic channel to react.
The polymer grafting reactions generally use some means of in situ polymerisa-
tion [4]. Pallandre divides these in—situ polymerisation reactions into two distinct
categories; grafting to, and grafting from [1]. In the case of grafting to, polymer
chains are synthesised in the free solution within the channel and are then allowed
to diffuse and covalently bond with the functional head group of the silane mole-
cule. The grafting from methodology utilises an extra step. Before introduction of
the polymer precursor solution, a polymerisation initiator is bound to the functional
end of the silane molecule. When the polymer precursor solution is introduced,
the polymerisation is confined to the surface [1]. Coatings that display the best
performance are smooth, densely packed, and highly stable over time [4].

Characterisation of these films is often difficult given the closed nature of mi-
crofluidic structures. When conducting measurements on intact devices, quantifi-
cation of the EOF via the current monitoring method [6, 10], or quantification of
the surface charge using the streaming potential method [1, 6] both provide some
insight into the surface charge, which in turn can help to evaluate the effectiveness
of the coating. The current monitoring method is carried out by applying a potential
across a microfluidic channel and monitoring the resulting current. The microfluidic
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channel and the fluid reservoir at one of the electrodes are filled with an electrolyte
of a given concentration and the reservoir at the other electrode is filled with the
same electrolyte at a lower concentration. When a potential is applied to the system,
the higher concentration electrolyte will be gradually replaced by its lower concen-
tration counterpart, resulting in reduced channel conductivity. Stabilisation of the
current indicates that the electrolyte in the channel has been completely replaced.
The time elapsed can then be used to derive the EOF [6, 10]. Streaming potential
measurements on the other hand, employ a pressure—induced flow to generate cur-
rent in the channel. By measuring the potential generated at a given pressure, one
can quantify the surface charge [1]. On open substrates numerous methods such as
atomic force microscopy (smoothness), contact angle (hydrophilicity, -phobicity),
and ellipsometry (thickness) can be used to characterise the thin films [1].

At present, the number and diversity of the methods seen in the literature makes
it difficult to compare performance amongst various coatings [4]. Nevertheless, an
understanding and use of these coatings is critical to the success of obtaining high
quality protein separations in microfluidics. To date such coatings have been used
extensively in microfluidic structures, but the difficulties related to surface charac-
terisation and the variety of surface chemistries have bottlenecked the development
of some microfluidic devices [1].

2.1.2 Permanent Surface Modification Protocol

For the protein separations conducted in this work (see Chapters 3 and 4), a per-
manent linear polyacrylamide (LPA) coating was employed. The coating protocol
was primarily based on Hjerten’s pioneering 1985 work that described a way of co-
valently bonding a hydrophilic polymer to a functionalised glass surface [7]. Han
and Singh used a similar coating methodology when conducting protein separations
very similar to those discussed in this thesis [11], so the LPA coating was deemed
to be suitable for the desired application.

While the complete coating protocol is located in Appendix B, the following
discussion will address the main points in the procedure. Beginning with a new
chip, the channels were rinsed by filling the wells with water and vacuum evacu-
ating the channels via one of the wells. Next, the wells and channels were dried
using pressurised N,. Inspection of the channels was then conducted to ensure that
they were clean and dry. Channels were dried to mitigate the possible dilution and
contamination caused by residual water. Use of an air purge to dry the channels
between coating steps was also noted by Herr et al. [12]. Following this, the wells
and channels were filled with a 1M NaOH (sodium hydroxide) solution and the so-
lution was left in the chip for approximately ten minutes. Once again, the channels
were vacuum evacuated, rinsed, and dried using the aforementioned method.

Before introducing the next solution, it was visually confirmed that the channels
were completely dry. To functionalise the surface with silane molecules that per-
mitted covalent attachment of LPA polymer chains, an acidic solution containing
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the silane molecules was introduced into the wells and channels. The solution was
an aqueous acetic acid solution with a pH of approximately 3.5, and contained 0.4%
v/v 3—(Trimethoxysilyl)propyl acrylate. The wells and channels were filled with the
solution via capillary forces. Once all the wells and channels were filled, the chip
was covered with a glass slide to mitigate evaporation. After a one hour residence
time, the solution was removed via vacuum applied to one well and the channels
were rinsed and dried using the same method as was previously mentioned. Resi-
dence time refers to the quantity of time the solution was left in the channels.

The final step in the coating procedure was to apply the LPA coating. This in-
volved introducing an aqueous solution containing 4% acrylamide monomer, 0.1%
potassium persulfate, and 0.1% N,N,N’,N’-Tetramethylethylenediamine (TEMED)
into the channels. The coating solution, as it will now be referred to, has a viscosity
that is best described as similar to that of water. Upon proper preparation of the so-
lution (see Appendix B), the wells and channels of the chip were filled immediately
using a pipette. Any delay in filling the chip could allow premature polymerisation
of the acrylamide monomer into linear polymer chains because the polymerisation
process begins immediately once the TEMED and potassium persulfate are added
into the solution. TEMED acts to catalyse the production of free radicals from
the potassium persulfate, which in turn catalyses the polymerisation reaction [13].
Once the solution filled the wells, the chip was once again covered using a glass
slide to minimise evaporation of the solution. After a thirty minute residence time
in the channels, the solution was evacuated from the chip using a vacuum. At this
point, the solution was more viscous due to the conversion of acrylamide monomer
to linear polymer chains. This was evident, as the solution could be difficult to
remove, especially from long channels or channels with small cross—sectional ar-
eas. In these cases, careful use of positive pressure applied to the channels was
occasionally required to remove the polymerised solution. Since most of the work
discussed in this thesis was done in chips with short channels and larger channel
diameters (i.e. larger cross—sectional areas), evacuation of the polymerised solution
from the channels was often easily achieved. Following inspection of the channels
for debris or residual polymer, the channels and wells were refilled with water and
stored submerged in water in a refrigerator. It is important to note, that the coating
was not visible once it was applied to the channel.

In cases where brand new chips were not used, it was important to ensure the
channel and well surfaces were very clean before proceeding with the above coat-
ing procedure. Typically, this was achieved by placing the chips in a glass anneal-
ing oven (University of Alberta, Department of Chemistry, Edmonton, AB, CAN),
where any debris, coatings, or sieving matrices previously introduced in the channel
could be burned out. These ovens gradually heated to a temperature of 560°C, re-
mained at that temperature for forty—five minutes and then gradually cooled down.
Two of these cycles were usually sufficient to clean chips. Because of the volume
of the material removed by this process was about 1uL or less, there is little con-
cern relating to the contamination of the ovens. Following heating in the ovens, the
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channels were cleaned further with boiling sulfuric acid [14]. After all the small
debris or residue had been cleaned out of the channels by the boiling sulfuric acid,
the above coating procedure could be performed to coat the channel and well sur-
faces. A method of chip cleaning that employed H,O, was also investigated (see
Section 2.2.3), but it was found to be largely ineffective.

2.1.3 Permanent Surface Modification Results

Permanent surface modification of microfluidic chips with LPA permitted covalent
attachment of the polyacrylamide sieving matrix (see Section 2.2.3) and the separa-
tion of proteins. While development of the permanent surface modification protocol
was not without its difficulties, the results presented in Chapter 3 show that the de-
velopment of the protocol was successful.

Channel Clogging

During early development of the protocol, channel clogging occurred approximately
50% of the time. Clogging can be defined as the inability to remove the liquid in
the microfluidic channels after the LPA coating step. While the cause of the clog-
ging was initially unknown, it was later determined that the clogging was due to the
increase in viscosity of the LPA solution during polymerisation. When introduced
into the channel, the LPA coating solution consists only of acrylamide monomer
and polymerisation catalysts dissolved in water. Qualitatively, this solution has a
viscosity similar to that of water. Upon polymerisation in the channels, the solu-
tion becomes more viscous because of the presence of linear polyacrylamide poly-
mer chains. The increase in viscosity was observed qualitatively by observing the
polymer solution as it was evacuated from the channels. The changes in solution
viscosity during polymerisation of the LPA coating solution made it difficult to re-
move from the channels using the application of pressure (not recommended due to
safety concerns pertaining to acrylamide monomer) or a vacuum. Channels were
more likely to clog if channel coating was conducted in chips with long channels,
channels with small diameters, and if the time the LPA coating solution was left in
the channel was on the order of thirty minutes. It is believed that in the first two
cases, clogging occurred because excessive amounts of pressure were required to
flush the viscous solution from the channels. In the final case, longer polymerisation
times led to more complete polymerisation of the liquid and thus, increased viscos-
ity. Although Hjerten employed LPA polymerisation times of about thirty minutes
in long capillaries without any mention of clogging [7], it is unknown what proce-
dural differences, beyond the dimensional differences in microfluidic channels and
capillaries, may have led to clogs.

Initial attempts at the coating protocol were conducted in standard Micralyne
(Edmonton, AB, CAN) microfluidic chips [15]. The small channel diameter (50
um) and longer separation channel length (80mm) likely exacerbated the clog-
ging problems. To prevent clogging in the standard Micralyne chips, the residence
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Figure 2.1: An illustration of a 4-Port Mini microfluidic chip used in protein sep-
arations. The channels used in this study were 46um deep and 102um wide. The
chip consists of a simple design where the injection channel (between SR and SW)
intersects with the separation channel (between BR and BW). The chip’s wells are
named as follows: SR - sample reservoir; SW - sample waste; BR - buffer reservoir;
BW - buffer waste. The locations of commonly used protein detection points in the
separation channel (see Chapters 3 and 4) are also indicated. Detection was also
conducted at distances of 3mm and 10mm.
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time of the LPA coating solution in the channels was gradually reduced from thirty
minutes to six minutes. This was done to reduce the extent to which the solution had
polymerised, with a lower residence time resulting in a less viscous solution. While
this method did decrease the incidence of clogging in channels, the effect of reduc-
ing the coating solution residence time to six minutes was not evaluated because no
successful protein separations were performed in standard Micralyne chips. Sub-
sequent coating of 4—Port Mini chips (shorter channels with larger cross—sectional
dimensions; see Figure 2.1) reverted to the thirty minute residence time described
by Hjerten [7]. It was found that the polymerised LPA coating solution was much
easier to evacuate out of the shorter 4-Port Mini channels due to their short length
and larger diameter.

Coating Effectiveness

Experiments comparing protein separations with and without the coating were not
conducted because development of the in—situ polymerisation of polyacrylamide
gels (see Sections 2.2.2 and 2.2.3) dominated the majority of the experimental
timetable. It is also believed that the absence of a coating may have an affect on
the characteristics of cross—linked sieving media (see Section 2.2.3). Although, the
successful separations of proteins discussed in Chapters 3 and 4 are a testament
to the effectiveness of the permanent LPA coating, data presented in Section 3.3.3
also demonstrates that adsorption of proteins was absent or was reduced to such an
extent that it did not adversely affect separation performance.

Long—term stability of the coating was also not formally evaluated. In terms
of reported data on coating performance stability, little data is available. When
information is available, it typically addresses stability over a short series of sepa-
rations [16]. Herr et al. reported some degradation of separation performance over
the course of approximately 500 separations in a very similar system [12], however
much of this degradation was attributed to changes in the sieving matrix over time.
In another example, an extensive study on the degradation of LPA coatings similar
to those employed in this work showed that coating stability was present over sev-
eral hundred separations. This study by Munro et al. also demonstrated that this sta-
bility was highly dependent on the coating procedures [17]. Procedural parameters
such as surface preparation methods, silanisation solvent, degree of surface hydra-
tion before silanisation, silanising reagent, reaction temperature and time, reaction
pH, and polymer reagents all affected coating performance, and in turn, separation
performance. Munro et al. state that these factors contribute to coating homogene-
ity, density, and longevity. They also state that the variety of surfaces presented in
the literature examining these parameters make coating optimisation difficult.
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Author Analyte Separation Separation Gel Preparation
(Year) Type Type Distance Method
Brahmasandra . In-situ
(2001) [18] dsDNA Electrophoretic 1.8mm photopolymerisation
Han . SDS-PAGE In-situ
004y [11] | oS ogmpe 20A0mm o opolymerisation
Hatch . In-situ
(2006) [21] Proteins SDS-PAGE 1.0mm photopolymerisation
Herr . In—situ
2004y [12] | Froweins  SDS-PAGE  40mm o lymerisation
Herr . Native In-situ
(2005) [19] | Froteins PAGE 6.0-70mm 1 topolymerisation
Herr Proteins Native Unknown In—situ
(2007) [20] PAGE photopolymerisation
Ugaz . In-situ
(2002) [22] ssDNA  Electrophoretic = 10-15mm photopolymerisation

Table 2.1: Examples of published reports using cross—linked polyacrylamide gel
as a sieving matrix in microfluidic separations. The electric field strengths used
with these gels were 34-410V /cm for the protein separations [11, 12, 19-21], and
9-30V /cm for the DNA separations [18, 22]. *IEF=Isoelectric focusing

2.2 Polyacrylamide Gel Sieving Matrix

Polyacrylamide gels are commonly used in macro-based applications where pro-
tein or DNA electrophoretic separations need to be performed. These cross—linked
polymers can be implemented in a variety of concentrations to achieve the desired
separation properties. Contrary to many applications of electrophoresis in microflu-
idics where a removable liquid gel is used as the sieving matrix, cross-linked poly-
acrylamide gels are solid and non-removable.

To date, only a handful of publications have cited the use of cross-linked poly-
acrylamide sieving matrices in microfluidic—based electrophoretic separations [11,
12, 18-22]. It is also important to note that these publications originate from es-
sentially two research groups. Table 2.1 contains a brief summary of the differ-
ent applications for which the polyacrylamide gels were employed. As the table
demonstrates, cross—linked polyacrylamide gels have been used to separate both
DNA and proteins in microfluidic channels. Amongst these published reports, nu-
merous commonalities exist.

First, all the gels were prepared using photoactivated in—situ polymerisation,
which is also the approach used in this work. Additionally, many of the applica-
tions used photopatterning to define specific areas of the microchips’ channels in
which the gel was polymerised [11, 18-22]. Photoactivated polymerisation permits
such use of these gels because polymerisation can be locationally controlled. This
was used extensively in two of these applications [20, 21], where different concen-
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trations of polyacrylamide gels were polymerised to define functional regions of
the chip. In each case, localised photopolymerisation permitted the creation of a
high density membrane used for protein pre—concentration and a more porous gel
used for electrophoretic separation of the proteins. Another feature of these mi-
crofluidic separations is the short separation distances required to resolve sample
components, with most exhibiting resolution and detection of multiple analytes in
less than 5.0mm. As a consequence, analysis times are commonly about thirty
seconds. Other stated advantages of these gels include reusability, higher sieving
power than liquid gels, and resistance to mixing and diffusion [11]. The latter is
deemed to be important as microfluidic devices become more complex, and as a
result, require demarcation of functional regions and higher levels of integration.

The work discussed in the following sections is strongly based on the work per-
formed by Han and Singh [11], and Herr and Singh [12]. Such an approach was
taken for several reasons. First, the aforementioned benefits including reusability,
short separation distances, and rapid analysis times were all appealing. Secondly,
the use of polyacrylamide gels in traditional applications such as slab gel elec-
trophoresis and capillary electrophoresis permitted the use of some of the knowl-
edge developed from these common techniques. Lastly, because these gels were
noted to resist migration and mixing within the channels, the use of such gels could
have important implications when coupling microchip electrophoresis to electro-
spray ionisation. As Appendix A will discuss further, these devices contain chan-
nels that open directly to the external environment (without a fluid well as an inter-
mediary) and require the use of solvents that are incompatible with electrophore-
sis. So—called ‘porous polymer monoliths’, which are effectively porous solid gels,
have been demonstrated to effectively couple microfluidic channels with electro-
spray ionisation [23, 24]. As such, the use of cross—linked polyacrylamide gels was
pursued.

2.2.1 Polyacrylamide Gel Theory

Polyacrylamide gels consist of linear chains of acrylamide molecules that are at-
tached to one another, or cross-linked, by a cross-linker. In many cases, this cross—
linker is N,N’-methylenebis—acrylamide, also commonly known as bis—acrylamide
[13]. The result is a solid and porous gel. These gels have recently been employed in
microfluidics as sieving matrices in electrophoretic separations [11, 12, 18, 21, 22],
but have been used in more traditional macro applications since 1959 [25].

The gels are formed when polymerisation of acrylamide monomer is initiated
by catalysts such as TEMED and potassium or ammonium persulfate (see Sec-
tion 2.1.2). However, unlike the polymerisation of LPA, cross—linked acrylamide
differs in that the linear polymer chains are linked by a cross—linker such as bis—
acrylamide. The resulting matrix forms the solid gel known as polyacrylamide gel
which has a chemical structure like that seen in Figure 2.2. Varying the concen-
tration of the acrylamide monomer and the cross—linking agent in the precursor
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solution allows one to control the characteristics of the gel such as pore size. The
concentration (weight per volume) of acrylamide monomer is commonly termed
%T, while the concentration of the cross-linking agent as a fraction of %7 is com-
monly called %C [13]. Higher concentrations (%7T') of acrylamide monomer result
in denser gels with smaller pores. Generally, monomer concentration in gels used
for protein separations ranges from 5% to 20% but gels can form at concentration
extremes of 2% and 30%. Cross—linker concentration also plays a significant role in
the control of gel pore size. In general, as the %C increases, pore size decreases, up
to a maximum %C of approximately 5%. After this point, gel pore size once again
increases due to extensive cross-linking and the inability of the polymer chains to
be packed closely [13]. A further discussion of gel characteristics in relation to
protein separations will be given in Chapter 3.

Although the combination of TEMED and potassium persulfate is predomi-
nantly used to catalyse the polymerisation reaction of polyacrylamide gels, other
catalysts can also be employed. For example, riboflavin is a commonly utilised
photoactivated catalyst [26]. When exposed to light it decomposes and produces
the free radicals necessary for polymerisation. The polymerisation catalyst refer-
enced in the published works [11, 12] and used to develop our procedures, was an
azo-initiator known as 2,2’-Azobis[2-methyl-N—(2-hydroxyethyl)propionamide]
(Wako Chemical USA Inc., Richmond, VA, USA). When using this catalyst, the
polymerisation reaction is initiated by exposure to ultraviolet (UV) light. Upon
irradiation of the precursor monomer solution with UV light, complete polymerisa-
tion of the gel can occur in less than ten minutes [11, 12, 21]. As previously noted,
this method of in—situ polymerisation is particularly useful when dealing with mi-
crofluidics because it is rapid compared to traditional polymerisation techniques
and because it is photolithographically controllable.

2.2.2 In-Situ Polyacrylamide Gel Polymerisation Protocol

As previously mentioned, the work in this thesis is largely based on publications
by Han [11] and Herr [12]. The following discussion will give a brief overview
of the in—situ polyacrylamide polymerisation protocol. A complete version of the
protocol can be found in Appendix C.

It is important to note that a wide range of polyacrylamide gel concentrations
can be polymerised using this protocol. Appendix C discusses gel concentrations
of %1 = 4%, 5%, 6%, 8%, 10%, 12%, and 15%, but the solution recipe can be
altered to achieve any desired concentration. First, a solution containing the re-
quired concentration of acrylamide/bis—acrylamide solution was mixed. All gels
used in this protocol incorporated acrylamide to bis—acrylamide ratios of 37.5:1.
The solution was mixed in running buffer (the buffer present in the channels during
electrophoresis) to ensure the gel was suitable for the electrophoretic separations.
In addition, the solution also contained 0.5% Azo-Initiator. Upon completion of
mixing the solution, which from now on will be known as the precursor solution,
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Figure 2.2: The chemical structure of acrylamide monomer, N,N’-methylene bis—
acrylamide, and cross-linked polyacrylamide gel [13].
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the solution’s container was covered with a layer of aluminum foil to minimise the
amount of light the solution was exposed to. While the UV intensity necessary to
initiate polymerisation was not likely provided by ambient light, minimising expo-
sure of the solution to light before polymerisation was done to mitigate sources of
variability.

An important aspect of ensuring repeatable gel characteristics requires degas-
sing of the precursor solution [19]. Precursor solution degassing helps to minimise
the amount of dissolved oxygen in the solution. Dissolved oxygen inhibits poly-
merisation and may also lead to the formation of bubbles in the gel during poly-
merisation [13]. Due to limitations of the Applied Miniaturisation Laboratory’s
(AML) equipment and the use of small volumes (approximately 1mL), degassing
was achieved only by sonication [27, 28]. Equipment in the AML made it difficult
to conduct vacuum degassing concurrently with the ultrasonic technique. Some
suggest that the simultaneous application of vacuum and sonication to the solution
should be practiced [19]. On the other hand, other publications specifically note
that gels were successfully polymerised with absolutely no degassing of solutions
before polymerisation [18]. Because of these conflicting reports, sonication of the
precursor solution for thirty minutes before being introduced into the microfluidic
channels was deemed to be suitable. During solution degassing, the UV lamp was
turned on and allowed to warm up for at least thirty minutes.

Approximately ten minutes before the completion of degassing, the LPA—coated
chips in which new gels would be polymerised were removed from the storage wa-
ter. The channels were dried thoroughly to ensure that the concentration of the
cross-linked polyacrylamide gel would not be affected by residual water in the
channels. Upon completion of degassing, the precursor solution was pipetted into
each chip and was allowed to fill the channels completely. Because the solution was
not yet polymerised, it had a viscosity similar to that of water, and filled the chan-
nels quite easily. Once the channels were filled, all the wells were topped up with
precursor solution and the channels were inspected to confirm they were completely
filled and free of bubbles. If bubbles were present, the solution was vacuumed from
the channels followed by reintroduction of the solution into the channels. Exces-
sive use of positive pressure to remove solutions that contained acrylamide or bis—
acrylamide from the channels was avoided. Both are potent neurotoxins, and the
use of positive pressure has the potential to create harmful spray or aerosols. Once
the channels and wells were properly filled, the chip was placed on a microscope
slide (for ease of removal from the AML UV box), and the first UV exposure was
started. Exposures were conducted in the AML using a box equipped with a mer-
cury UV lamp (Part No. 88—-9213-02, BHK Inc., Claremont, CA, USA). Intensity
measurements at three different wavelengths (thirty minute lamp warm-up time),
254nm, 365nm, and 400nm, yielded values of 1.64mW /cm?, 15.7mW /cm?, and
4.5mW /cm? respectively.

The stage inside the UV box was placed at its highest level for the UV expo-
sure which located the chips approximately 3cm from the UV lamp. The duration
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of the first UV exposure was eight minutes. After the chip was exposed, it was
carefully removed from the UV box and inspected for defects in the gel. These
defects usually consisted of bubbles that were formed in the channels during the
polymerisation reaction. In this case, subsequent exposures were unnecessary and
the chip was set aside for cleaning. Bubbles in the gel rendered the chip useless
for electrophoretic separations. However, if the gel was free of bubbles, the wells
were topped up with the precursor solution and a second UV exposure interval of
eight minutes was administered. Upon completion of the exposure, the channels
were inspected once again. If bubbles were present the chip was set aside for clean-
ing, and if not, a third exposure was conducted after the wells were topped—-up with
precursor solution. Following the final exposure and observation of a gel free of
defects, the chip was stored in refrigerated (4°C) buffer. The storage buffer was of
the same type and concentration to be used in future protein separations. Storage
of the chip in water would result in buffer ions diffusing out of the channels, thus
making the chip useless in electrophoretic separations.

In this procedure, the use of multiple UV exposures serves two main purposes.
First, the use of multiple exposures allows the progression of the polymerisation
reaction to be qualitatively monitored. This includes observing the extent of poly-
merisation by assessing the degree of gelation in the wells and inspecting gels for
the presence of bubbles. For instance, if the gel has not polymerised after the first
exposure, it may be an indication of non—ideal polymerisation conditions. The sec-
ond reason for conducting multiple exposures is to ensure complete polymerisation.
Although polymerisation occurs after the first UV exposure period of eight minutes,
additional exposures are used to ensure complete and uniform polymerisation of the
gel [12].

Once polymerised, the gel in the channel will not change in appearance. The
gel cannot be flushed out with the application of pressure and liquids cannot be
pumped through the gel matrix. Before conducting the first separations in the chip,
the gel must be scraped out of the wells with a pipette tip to allow for filling of
the wells with the appropriate buffer or sample. Freshly polymerised gels were
typically stored in running buffer at 4°C for a day before use, but this was never
tested to see if it was absolutely necessary.

Unlike the aforementioned papers [11, 18, 20-22], photopatterning of the gel in
the channels was not employed. Although it was explored, accurate mask placement
proved to be difficult and removal of the unpolymerised solution was tedious and
increased the risk of exposure to acrylamide monomer. See Section 2.2.3 for a
discussion of photopatterning results.

2.2.3 In-Situ Polyacrylamide Gel Polymerisation Results

In—situ polymerisation of polyacrylamide gels in microfluidic channels proved to be
a challenging and particularly arduous expedition, even when photopatterning was
not employed. While gels of the required quality were generated and the results of
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Figure 2.3: A) An unmasked 4—port standard Micralyne chip with, B) an exposure
mask made from electrical tape (black indicates masked areas) designed to expose
a 2cm portion of the separation channel, and C) the region (indicated in gray) from
which liquid and polymer could not be removed following photopatterned poly-
merisation of the gel using the mask in B. Early attempts at photopatterning gels
used this type of masking.

the separations permitted by these gels were positive (see Chapters 3 and 4), pro-
duction of the gels was riddled with sources of variability. The following section
seeks to discuss many of the obstacles that were encountered throughout the de-
velopment of the in—situ polyacrylamide gel polymerisation protocol. In addition,
many of the measures taken to assess variability, and mitigate it, are also addressed.

Photolithographic Gel Patterning

Initial attempts at in—situ polymerisation attempted to duplicate results published by
Han [11] and Herr [12]. In the work published by Han, photolithographic patterning
of the gel was employed so that only portions of the channels would contain a cross—
linked polyacrylamide gel matrix.

The first microfluidic chips in which gels were polymerised were standard 4—
port chips supplied by Micralyne (Edmonton, AB, CAN). These chips had chan-
nels with approximately semicircular cross—sectional dimensions of 50um wide
and 20pum deep [15]. Early misdirected attempts at patterning gels inside the chan-
nels sought to polymerise a small portion of the separation channel (see Figure 2.3).
Black electrical tape was placed over areas of the chip in which gel was not desired
and UV exposure was conducted using the mask aligners in the University of Al-
berta NanoFab. The UV light intensity at 365nm was approximately 16mW /cm?
and 499mW /cm? at a wavelength of 400nm. The exposure duration was 120s.

From these initial experiments, a few key observations were made. First, the
masking of the channels did not seem to provide particularly good patterning res-
olution. When compared to the observed resolution of 200um for the patterning
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Figure 2.4: A) The first version of a PVC mask that only exposed a portion of
the separation channel, B) a PVC mask used to expose and polymerise the entire
separation channel, and C) the region (indicated in gray) in which polyacrylamide
gel was polymerised.

of rigid polymer monoliths in microfluidic channels conducted by Throckmorton
et al. [29], our apparent resolution of several millimeters seemed unusual. For in-
stance, if a mask with a 2cm long exposed region was placed with an exposed region
beginning 5Smm from the intersection, the solution in the channels could not be re-
moved from the majority of the separation channel (see Figure 2.3) by vacuum or
pressure driven liquids or air. The other notable observation was that there is no
method of visually differentiating polymerised gel from the unpolymerised precur-
sor. Thus, it was virtually impossible to locate areas in which the gel was present
and consequently, assess patterning resolution or even which general areas had been
polymerised.

Initial theories behind the supposed polymerisation in unexposed regions cen-
tered on possible causes for unintended polymerisation such as light scattering or
waveguiding and heat-induced polymerisation. Numerous alterations to the poly-
merisation method were made to induce changes that may have helped to identify
the cause of the apparent problem. UV exposure times, exposure intensity, and
Azo-Initiator concentrations were reduced independently to lessen the degree of
polymerisation with hopes that unexposed regions would not be polymerised by
suspected means such heat or scattered light. UV exposures were also performed

in exposure intervals to allow the chip to remain cooler and prevent possible heat—
induced polymerisation. Polyvinyl chloride (PVC) masks were also fabricated to

increase mask placement repeatability (see Figure 2.4). In each of these cases, no
improvement was observed in the ability to remove solution from unexposed re-
gions of the chip. As a result, polymerisation resolution was still believed to be
quite poor.

After gaining more experience with gel polymerisation, it was discovered that
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these problems occurred mainly because of a lack of understanding of the prop-
erties of the gel being polymerised. In fact, the ‘gel’ in unexposed regions was
actually just unpolymerised precursor solution that could not be flushed through
polymerised regions of the gel. Initially it was assumed that because of the porous
nature of the gel, liquids or gases could be pressure flushed through the gel. Ex-
perience with the gels and confirmation from Amy Herr (personal communication,
e-mail, October 10, 2006) that fluids could not be pressure flushed through the gel
led to a change in UV exposure methods. If only a portion of the separation chan-
nel was exposed, only that portion (with some allowance for exposure resolution
and light scattering and diffraction, i.e., the aforementioned findings of Throckmor-
ton [29]) would be polymerised into a cross—linked gel. Although the unexposed
regions did not contain cross—linked gel (see Figure 2.3), the polymer’s precursor
solution could not be removed from certain unexposed regions in the separation
channel because liquids and gases could not travel through the polymer. The inabil-
ity to introduce a pressure—induced flow in a channel with polymerised gel meant
that once a portion of a channel had gelled, the unpolymerised solution in the other
portions of a channel could not be removed via applied pressure. So, in fact, this was
not an issue of poor polymerisation resolution, but one of procedural constraints. As
a result, it was more practical to avoid this issue and polymerise the entire separa-
tion channel. A closer review of Han and Herr’s work [11, 12] with photopatterned
gels indicated that they also polymerised the whole separation channel to avoid this
issue.

Subsequent attempts at in—situ polymerisation with photopatterning were per-
formed by exposing the entire separation channel beyond the intersection with the
injection channel (see Figure 2.4). Unpolymerised solution was drawn out of the
channels using the application of vacuum at each of the three head wells (three left-
most wells in Figure 2.4). This resulted in a distinct and visible interface between
air and the polymerised gel (see Figure 2.5). Unfortunately, this created another
problem. The space between the intersection and the gel interface could not be
filled with the buffer needed for electrophoresis (see Figure 2.6). Once again, this
was due to the inability of liquid or gas to be pressure or vacuum driven through the
gel.

Although unpolymerised solution could be evacuated with the application of a
vacuum, this was deemed to be unsuitable because it resulted in trapped volumes of
air when buffer was reintroduced into the channels (see Figure 2.6). When conduct-
ing further experiments with photopatterning, flushing the unpolymerised solution
was achieved using cautious application of gentle positive pressure at an unpoly-
merised well. Other wells were covered with the lid of a petri dish to eliminate
spraying. While the channels were still filled with unpolymerised precursor solu-
tion, pressure was applied to running buffer solution in a 1mL syringe at one of the
head wells. The general idea was to replace the unpolymerised precursor solution
with the desired running buffer without creating any bubbles. This crude technique
permitted rudimentary attempts at separating proteins.
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Figure 2.5: An image of the polymer/air interface. The exact shape (flat or curved)
of the interface is unclear, as the curved shape could be due to residual liquid near
the gel after evacuation of the unpolymerised precursor solution. Because liquids
and air could not be pressure flushed through the gel, it was difficult to remove all
the liquid from what was essentially a dead—ended channel.

Buffer Air Bubble Gel

Separation Y ¥ ¥
Channel — ( )

Injection Channel

Figure 2.6: An illustration of an air bubble trapped between the polymerised gel in
the separation channel and running buffer in the injection channel.
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Figure 2.7: A) A 4-Port Mini chip, B) with a PVC mask for polymerising a gel in
the separation channel, and C) the regions of the channels that were filled with gel
(indicated in light gray) and free running buffer (not shaded).

Although extensive discussions on successful separations of proteins in 4-Port
Mini chips and the standard operating procedures for those separations are avail-
able in Chapters 3 and 4, the following points are briefly noted to aid in the descrip-
tion of the in—situ polyacrylamide gel polymerisation protocol. When separations
of proteins were attempted, performance was quite poor. It was discovered that
the free running buffer present in the injection channel and the upper portion of
the separation channel (portion not filled with polyacrylamide gel, see Figure 2.7)
permitted pressure—induced flows of the sample and buffer in these regions. The
flow of sample and buffer in the injection channel and upper portion of the sepa-
ration channel disrupted proper sample plug formation at the channel intersection.
Because pressure—induced flows were found to be detrimental to separation perfor-
mance, all subsequent gel polymerisation was conducted with no masking to ensure
polymerisation in all the channels. The presence of cross—linked polyacrylamide in
the injection channel served to suppress completely any pressure—induced flows
and allow proper formation of a sample plug. Consequently, photopatterning was
abandoned.

Although separations using photopatterned gels were unsuccessful, separations
of the BFPS ladder in these gels did reveal the location of the interface between the
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Figure 2.8: An image of the damaged gel/buffer interface. This damage resulted
from a series of sixty electrophoretic separations (each approximately 120 seconds
long at 230V /cm). Before conducting the separations, the gel interface was not
visible. A) The interface is approximately 350um from the intersection, and B)
damage appears to be most severe in the middle of the channel.

gel and the running buffer. Figure 2.8 shows an image of the gel/buffer interface
after sixty separations had been attempted. After the gel was initially polymerised,
this interface was invisible. These results validate that photopatterning did in fact
work. It appears that after a series of separations were performed, the gel at the
interface was altered or damaged. The nature of these alterations was not explored
due to the abandonment of photopatterning.

Upon reflecting on the photopatterning technique and increased experience with
the gels, it was determined a diffusion or dilution based method of replacing the
precursor solution with running buffer may have been more appropriate. In this
case, storing photopatterned chips in running buffer solution may have allowed the
unpolymerised precursor solution to diffuse out of the channels and be replaced by
running buffer over time, or may have permitted dilution of the precursor solution to
such a point that pressure flushing may have been safe. It is believed that this means
of ridding the channels of the unpolymerised precursor solution may have been
effective because a similar diffusion or dilution of buffer ions was observed when
gels were accidentally stored in water instead of buffer. In this case, after being
removed from the water an electric field was applied to the chip and no current
flowed. This indicated an absence or drastically reduced concentration of buffer
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ions in the channels likely due to diffusion or dilution mechanisms.

While the pressure—induced flushing method and the diffusion/dilution method
are both potential means of removing unpolymerised solution, the former is much
faster, albeit also more likely to introduce air or contaminants (i.e. debris) and pose
a safety risk (acrylamide monomer is a neurotoxin) due to the potential for spraying
of the precursor solution. Although not proven to be effective, the latter method is
much slower but may also be much safer. The latter method was not investigated
because it was devised at a point when non—photopatterned gels were generating
acceptable results (see Chapters 3 and 4) and photopatterning was deemed to be
unnecessary.

Although photopatterning was not used in this work, future development may
make it useful, thus making these observations highly valuable. Because the pub-
lications upon which this work was largely based do not discuss many important
procedural details, these observations were crucial. While photopatterning of gels
is considerably more labour intensive and time consuming (preparation of a chip
that contains two different gel concentrations could take about two days) than the
non—photopatterning methods that were finally adopted, it does permit tailoring of
gel characteristics within a single chip. This has been exploited for use in protein
pre-concentration [20, 21], and to permit the simultaneous use of low and high con-
centration gels to ease sample injection (low concentration gels) while still attaining
good sample resolution (high concentration gels) [20].

Void Formation and Polymerisation Yield

The formation of voids or bubbles, as they will subsequently be referred to, during
polymerisation proved to be a major source of gel polymerisation variability. The
voids formed during UV exposure of the gels and were generally the only visual
indication that polymerisation had in fact taken place. Figure 2.9 shows an image
of the voids that often formed during gel polymerisation. Observed traits of the
bubbles in gels often included periodicity, mobility in the gel, and gradual expan-
sion after subsequent UV exposure. While no cause for the formation of these voids
was definitively determined, numerous potential causes have been explored. These
include the presence of dissolved oxygen in the polymer precursor solution [13],
heat-induced effects, and channel surface anomalies and hydrophilicity [30]. It is
believed that some combination of these effects leads to the formation of voids and
the subsequent discussion attempts to address these issues.

Initial theories regarding the formation of voids centered on the presence of
dissolved oxygen in the polymer precursor solution. Degassing of the polymer
precursor solution is necessary to remove dissolved oxygen. Oxygen dissolved in
the precursor solution will inhibit polymerisation and may lead to the formation of
bubbles during polymerisation [13]. Oxygen also inhibits polymerisation because
it acts as a trap for the free radicals that are required for polymerisation to take
place [26]. As a result, degassing of the precursor solution before to polymerisa-
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Figure 2.9: A representative image of voids that often formed during polymerisation
of the polyacrylamide gel.

tion is imperative when repeatable gel characteristics are desired [19]. Sonication
in conjunction with the application of a vacuum was employed by Herr et al. for
polymerisation of polyacrylamide gels in microfluidic channels [12]. Although this
is a widely accepted method of degassing solutions, previously noted equipment
deficiencies (see Section 2.2.2) in the AML did not allow for both to be easily per-
formed at the same time. Consequently, the simultaneous application of a vacuum
and sonication were tested separately to see if there was a difference in degassing
effectiveness. Because no difference was observed in the likelihood of bubbles to
form during polymerisation using either degassing method, sonication was adopted
into the protocol as it is known to be effective on its own [27, 28].

After determining different methods of degassing did not have an apparent ef-
fect on the formation of voids during polymerisation, heat-induced causes were
investigated. Heat—induced effects could have been initiated by the exothermic
polymerisation reaction [26] or by heat radiating from the UV lamp. Heat from
the UV lamp was believed to be a larger contributor to the problem because of the

much larger thermal mass of the chip and air surrounding the chip compared to the
volume of solution in the channels. In addition, because the large surface area—

to—volume ratio of microfluidic channels is favourable for efficient heat transfer
away from the liquid in the channels, exothermic solution heating was largely ruled
out. The primary method of investigating heat initiated bubble formation involved
polymerising gels in different chips using a series of UV exposures with different
lengths. For example, one chip received a single exposure of 12 minutes, a second
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Azo-Initiator Void
Concentration (% w/v) | Formation

0.10 No
0.15 No
0.20 No
0.30 No
0.40 Yes
0.50 No
0.70 Yes
1.00 No

Table 2.2: This table demonstrates that there was no clear relationship between
Azo—initiator concentration and void formation. Each concentration was attempted
in a different chip. While only a single trial was attempted and no conclusive results
can be drawn from this data, published reports of other potential causes of void
formation eliminated the need for further trials.

chip received twelve 1 minute exposures, and a third chip underwent twenty—four
30 second exposures. When multiple exposures were used, the chips were removed
after each exposure to allow inspection of the gel. The time used for inspection also
permitted some cooling of the chip. After observing all three exposure scenarios,
no decrease in bubble formation was observed for chips that were allowed to cool
between short exposure intervals. The proximity between the chip and the UV lamp
was also tested to see if a greater distance between the two reduced heat transfer and
thus bubble formation. An increase in distance between the two did not result in a
reduction in the formation of bubbles. This seemed to rule out UV lamp generated
heat as a possible cause for the formation of voids during polymerisation.

To ensure heat generated by the reaction was not the cause for void formation, a
second avenue was pursued. A variety of Azo—initiator catalyst concentrations were
employed to see if a change in the reaction rate would change the likelihood of bub-
ble formation. As is shown in Table 2.2, no clear relationship between catalyst con-
centration and void formation was established. Only one trial was conducted, so no
conclusive results emerged from this experiment. However, subsequent discussion
shows that other published causes of voids have been noted. As such, experimenta-
tion on heat-induced causes for void formation was abandoned in favour of further
development of the technique. Because the main goal of the research was to develop
the applications discussed in Chapters 3 and 4, further experiments were considered
unnecessary.

The unsuccessful attempts at eradicating the bubbles led to a more exhaus-
tive search of literature available on the topic. During the development of cross—
linked polyacrylamide gel capillaries in the 1990’s, numerous papers and pa-tents
described the formation of bubbles in capillaries during non—photoactivated poly-
merisation [30-36]. From these discussions, three methods emerged as means of
mitigating bubble formation during polymerisation. Baba et al. vacuum—filled cap-
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illaries with the polymer precursor solution in order to mitigate bubble formation,
but no concrete explanation as to the underlying mechanisms of bubble formation
was given [31, 32]. Dolnik et al. [34], Huang et al. [35], and Baba et al. [32] de-
scribed the use of various techniques to initiate gradual polymerisation. While Baba
et al. simply reduced the concentration of catalysts from typical values, Dolnik et
al. introduced catalysts via electromigration. Huang controlled polymerisation by
locally governing the temperature of the capillary. Only Huang et al. provided a
theory as to why such a method was successful. Their explanation focused on the
use of low temperatures to inhibit the polymerisation reaction. Because only small
portions of their capillary were allowed to approach room temperature, and thus
polymerise, any gel shrinkage (i.e. void formation) occurring during polymerisa-
tion could be mitigated by the inflow of low viscosity precursor solution that was
held at temperatures between 0°C and 4°C. The low temperature solution was pre-
vented from polymerising and consequently acted as a mobile filler for solution that
was held at a higher temperature and allowed to polymerise. Therefore, any voids
that formed could be refilled.

Upon reflecting on early attempts of photopatterning gels in which only a 2cm
(see Figure 2.3) portion of the separation channel was polymerised, it was discov-
ered that no voids were observed in these gels. The avoidance of void formation
may have been aided by the localisation of the polymerisation to a small portion
of separation channel. Due to the mechanisms described by Huang et al., unpoly-
merised precursor solution in unexposed regions of the separation channel may
have compensated for gel shrinkage and subsequent void formation by acting as a
mobile filler. While this was not confirmed through further experimentation, such
knowledge may be useful in future work. When gels were polymerised in all chan-
nels and wells, no unpolymerised precursor was available for use as a mobile filler.
Although void formation was not always observed in these gels, the lack of a mo-
bile filler may have contributed to the formation of voids in some cases. Further
experimentation would be needed to confirm this.

Taking a different approach, Rose, Yin, and Schomburg emphasised the impor-
tance of hydrophilic surface modification of the capillary and covalent attachment
of the gel to the capillary surface [30, 33, 36]. Of particular interest are the patents
filed by Rose [30] and Schomburg [36]. Specifically, Rose describes the gel shrink-
age that was briefly noted by Huang et al. [35]. Rose states that gel shrinkage occurs
because the density of the polymerised gel is greater than that of the precursor solu-
tion. According to Rose, the application of a hydrophilic polymeric coating helps to
create binding sites at the capillary surface for polymer molecules as well as aiding
in ensuring reaction rate uniformity across the cross—section of the capillary. It is
believed the hydrophilic polymer coating has the same polymerisation reactivity as
other monomer molecules in the free solution, and as such, helps to ensure the re-
action rate at the surface is equal to that of the reaction rate at the capillary’s center.
When the hydrophilic polymer is not present, the presence of an acrylic functional
group at the capillary surface (e.g. 3—(Trimethoxysilyl)propyl acrylate) effectively
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Figure 2.10: A representative image of equidistant bubbles that often formed during
polyacrylamide gel polymerisation.

increases the reaction rate near the surface. This leads to a polymer concentration
inhomogeneity along the cross—section of the capillary and the formation of voids
or bubbles where the concentration is sufficiently low [30]. Schomburg goes on
to note the formation of equidistant bubbles during polymerisation due to similar
shrinkage mechanisms [36]. Equidistant bubbles were also observed during in—situ
polymerisation of polyacrylamide in microfluidic channels (see Figure 2.10). As
a consequence, it is believed the quality and homogeneity of the channel coating
played a role in the tendency for bubbles to form during polymerisation.

Another interesting observation involved stock solution age for acrylamide and
acrylamide/bis—acrylamide solutions. While the effects of solution age were not
specifically quantified, it was found that polymer precursor solutions utilising stock
solutions ranging from three to six months old exhibited a greater tendency to form
bubbles. Typically, ordering new reagents produced a noticeable increase in the
yield of bubble-free gels (i.e. increased yield from <20% to >50%). Although not
confirmed, it is believed this is due to decreased reactivity of acrylamide monomer
or the solvation of additional oxygen into the stock solutions. Decreased monomer
reactivity might lead to less effective channel coating. As previously mentioned,
dissolved oxygen in polymer precursors also has the potential to lead to the forma-
tion of bubbles during polymerisation. It should also be noted that stock solution
of acrylamide and acrylamide/bis—acrylamide were always stored according to the
manufacturer’s recomrmendations.

Upon stabilisation of the polymerisation protocol, successful polymerisation
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yield, defined as polymerisation in the absence of void formation, was approxi-
mately 52%. Of the successfully polymerised gels, only half performed well when
separating protein ladders. Further discussion on poor separation performance in
successfully polymerised gels can be found in Section 3.3.

Gel Stability and Durability

Gel stability and durability were assessed primarily by observing protein separa-
tions conducted in the gels. As a result, a complete discussion of the short— and
long—term stability of gels is provided in Section 3.3.

Channel Cleaning

The cleaning of channels containing cross-linked polyacrylamide gels was time
consuming and required the use of several techniques. Because the cross-linked
matrix could not be flushed out via pressure or vacuum applied to the channels, an
alternative means of removing the gel was required. Methods described by Ma et
al. were inadequate for removing the gel because boiling H,SO, could not penetrate
into the inner portions of the gel [14]. As previously mentioned, the cleaning proto-
col eventually involved heating the chip to a high temperature followed by cleaning
similar to that used by Ma. This brute force method proved to be effective.

Heating the chip to temperatures typically used in glass annealing (560°C) es-
sentially burned the gel out of the channels. Figures 2.11 and 2.12 show gels in the
channels of a chips that have been heated in a glass annealing oven but not com-
pletely cleaned. These results were typical for standard Micralyne chips [15]. It is
believed that the debris was in fact composed of charred remnants of the polyacry-
lamide gel. Gel charring was also observed when polyacrylamide gel in chip wells
was heated on a hot plate. In general, two or three heating cycles, as described in the
cleaning protocol, were needed clean out Micralyne chips to the point where liquid
could freely fill the channels. On the other hand, 4-Port Mini chips were less likely
to have extensive debris present in their channels after being heated once. Debris
in standard Micralyne chips was most often present in areas that were the farthest
from wells, indicating that channel length likely played a role in making 4-Port
Mini chips easier to clean. Chips were only subjected to the coating and gel poly-
merisation protocols when no debris (see Figures 2.11 and 2.11) or discolouration
(see Figure 2.13) was present in the channels.

In addition to cleaning gel out of the channels, burning of the gel also con-
tributed to the understanding and troubleshooting of the first problems seen with
photopatterned gels. After one cycle of heating in the ovens, clear differences were
present between debris in various regions of the channels. Regions exposed to UV
light, and presumably those with polymerised gel, had dense brown debris that
could not be flushed out of the channels. In contrast, unexposed areas (i.e. those
containing only the unpolymerised precursor solution) had little to no debris and
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Figure 2.11: Debris that was typically found in microfluidic channels after one cycle
of heating the chip in an oven (45 minutes at 560°C). This debris was moderately
opaque, dark brown, and appeared to have a very dense structure. This is visible
in the above photograph. A normally transparent channel when clean, is instead
virtually opaque in the presence of charred gel remains. After two or three heating
cycles in the oven, these charred gel remains were reduced to the string—like debris
shown in Figure 2.12.

only exhibited a slight brownish tint (see Figure 2.13). The brownish tint in unex-
posed regions was difficult they were free of gel. Distinct changes or ‘interfaces’
between different debris types also coincided with the photopatterned interfaces
between exposed and unexposed areas of the channel. The location of these ‘in-
terfaces’ were used as one method of determining which areas of the gel had been
polymerised, and which areas had not. As previously mentioned, multiple heating
cycles in glass annealing ovens allowed complete removal (based on a visual as-
sessment) of the discolouration in unexposed areas and the debris in exposed areas.

Unfortunately, repeated chip heating did have some detrimental effects. Over
a series of multiple cleaning and chip preparation (coating and gel polymerisation)
cycles, the glass chips showed several signs of aging that were qualitatively as-
sessed. This included debris that was difficult or impossible to remove, discol-
oration of the bulk glass material, and increased brittleness of the glass. Chips also
became more difficult to clean as they aged. Whereas chips that had only been
cleaned two or three times were typically completely free of any visible debris after
the cleaning procedure, older chips sometimes contained traces of irremovable de-
bris. These minuscule (less than Sum in diameter) bits of debris eventually rendered
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Figure 2.12: String-like debris that was typically found in the channels after heating
the chip in an oven for a second or third time. The charred remains in Figure 2.11
were typically reduced to string-like debris after a second or third cycle in the
annealing oven.

the chip useless as they often seemed to act as nucleation sites for the formation of
bubbles during gel polymerisation. Several chips displayed the repeated formation
of bubbles in specific areas where this type irremovable debris was present. Chips
exhibiting repeated void formation in specific areas were deemed unsuitable for gel
polymerisation and were discarded. Glass discoloration included a yellowing of
the bulk material as well as browning of channel (primarily close to the wells) and
well surfaces. In general, once browning of the surfaces occurred it was difficult
to restore the original appearance of the material via rinsing the channels, boiling
sulfuric acid in the channels, or heating the chips to glass annealing temperatures.
Chips also gradually became more brittle and small fragments of glass were more
likely to break away from chip edges. Because new chips were readily available, old
chips were often ‘retired’ in favour of attempting to rejuvenate the material, and the
changes to the bulk material and channel surfaces were never quantitatively mea-
sured. It is estimated that chips could withstand approximately five cleaning/chip
preparation cycles before aging effects were observed to have a negative impact on
chip preparation (i.e. formation of voids during polymerisation).

A published report by Ma et al. has suggested that glass chips can be ‘reju-
venated’ indefinitely via glass—annealing with no lasting effects on chip perfor-
mance [14]. The main difference between that study and the work presented here
involves the state of the chip when it was annealed. When annealing the glass, Ma

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.13: There was a noticeable difference in the debris found in exposed re-
gions versus that found unexposed regions. The debris in exposed regions seemed
to be more dense. Also noticeable is the sharp transition between debris types in
an area where the channel transitioned from being exposed to unexposed during
gel polymerisation. This observation helped determine that photopatterning of the
gel was in fact taking place because the debris in the exposed area had a distinctly
different structure from the debris in the unexposed regions. It is believed that
channel contents in unexposed (unpolymerised solution) regions merely boiled off
leaving only a light-brown film. In contrast, channel contents in exposed regions
(polymerised gel) had to be burned out, leaving behind charred remains.

et al. ensured the channels of the chip were free of debris and void of any visi-
ble contamination. In contrast, this work presents annealing glass in the presence
of channel coatings, gels, buffers, and sample contaminants. Therefore, it is not
unreasonable to believe that these contaminants had effects on the channel surface
materials that could not have been noted by Ma et al..

Aging effects also seemed to play a role in the success of in—situ gel polymeri-
sation. Over time, chip age seemed to contribute to the formation of bubbles during
polymerisation. On several occasions this was confirmed by conducting identical
iterations of the in-situ gel polymerisation protocol on old and new chips on con-
secutive days. In one of these occurrences, gel yield was 0% (0 out of 5) for old
chips and 100% (5 out of 5) for new chips. In total, when gels were polymerised
in new chips the successful polymerisation yield was 92% (11 out of 12) compared
to 45% (32 out of 71) for gel polymerisations conducted in reused chips. If other
protocol variations are treated as random and these results are treated as binomial
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distributions, the statistical significance of the reduced formation of voids in new
chips is 98.5%. Thus, it is expected that changes in surface characteristics over time
contributed to decreased gel yield.

One other method for removing gels from the channels was investigated, but it
was found to be more time consuming than heating. Dissolving the gel by soaking
the chips in 30% hydrogen peroxide (H,0,) heated to 70°C proved largely ineffec-
tive. Although this procedure can be used to dissolve gels excised from traditional
slab gels [13, 37], it was found that only the portions of the gel nearest to the wells
dissolved in microfluidic channels. It is believed that this is primarily due to the in-
ability of fresh H,O, to diffuse to the gel at the inner portions of the channel. Even
when soaked in H,O, solution for two to three days, with daily solution replace-
ment, chips were not cleaned completely. This cleaning methodology was only
investigated for standard Micralyne chips. As a result, shorter channels, such as
those present in 4-Port Minis, may be more effectively cleaned using this method.
The advantage of this method is the lack of a need to repeatedly heat the chip to
high temperatures. It is unknown if aging effects similar to those discussed above
would be present if the chips were cleaned using H,0,.

In writing up this work, some suggestion was found that chromic acid or a phe-
nol/chloroform/isoamyl alcohol mixture might also serve to remove the polyacry-
lamide gel. However, no literature report was found to support either approach and
there was no opportunity to test such methods experimentally. Future work may
wish to explore these methods.

2.3 Conclusions

The above discussion demonstrates the extensive protocol development required to
adequately prepare microfluidic chips for protein separations. Key elements include
the successful modification of a glass microfluidic channel surface with a perma-
nent linear polyacrylamide coating, and the successful in—situ polymerisation of
polyacrylamide gels. Without these developments, the research presented in sub-
sequent chapters would not have been possible. In addition, the characterisation
of protocol variability, such as the identification of the possible causes of void for-
mation, will permit future development and refinement of these techniques. The

~ formation of voids and bubbles during polymerisation is rarely discussed in other
published works. As a consequence, knowledge pertaining to these phenomena will
prove to be invaluable in the future.
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Chapter 3

Protein Electrophoresis

The development of protein electrophoresis is a critical step in producing a micro-
chip-based system capable of proteomic type analysis. As mentioned in Chapter 1,
pre—fractionation of proteins via electrophoresis prior to analysis by ion mobility
spectrometry constitutes a two—dimensional separation. The ability to separate pro-
teins in two—dimensions in an integrated system holds great promise for the field of
proteomics. As a result, the development of the protein electrophoresis component
discussed in this chapter is critical in the creation of a complete proteomic analysis
system.

Upon completion of the development of the procedures necessary to prepare
microfluidic chips for electrophoretic protein separations (see Chapter 2), charac-
terisation of the electrophoretic system was needed. Consequently, the majority of
this chapter focuses on characterising the electrophoretic system, developing pro-
cedures for protein separations, generating a method of on—chip fluorescent protein
labeling, and comparing the performance of the system with existing published
data.

3.1 Microchip Electrophoresis

The following section is largely based on research conducted for a course (ECE
750) required for partial fulfillment of my Master of Science program. This section
was derived from a literature review exploring the analytical techniques used in
metabolomic—type analyses [1].

Electrophoresis is a commonly used technique for analyzing biomolecules. An-
drews [2] offers the following definition of electrophoresis as:

“...the migration of a charged particle under the influence of an
electric field.”

In initiating this migration, one is able to separate molecules based on their elec-
trophoretic mobility [2]. As a technique, electrophoresis has seen a progression
from traditional slab gels, to capillary based separations, and most recently, to chip
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based separations [3]. Microchip electrophoresis (MCE) uses many of the same
concepts developed for slab gel and capillary based separations and incorporates
them into small chips with microfluidic channels. One of the advantages of minia-
turisation is the allowance for separations to incorporate more expensive reagents
because of reduced reagent consumption. In addition, incorporation of these analy-
ses onto a chip allows multiple analytical steps such as sample preparation, sample
purification, fluid pumping, and analyte detection to be combined into a single de-
vice [4]. Also not to be underestimated, is the benefit afforded by automatic digiti-
sation of the data obtained from MCE where detection is intrinsically incorporated
into the analysis [5]. Liu and Guttman also state that higher throughput, efficiency,
separation speed, portability, and disposability are other advantages of MCE [6].

Current applications of electrophoresis cover a wide array of biomolecule analy-
sis, and new applications are continually being ported to chip—based devices. At
present, the applications of MCE include the analysis of amino acids [7, 8], pep-
tides or proteins [7, 9—15], nucleic acids [7, 16-20], heavy metals [21], and other
biomolecules [7, 22, 23]. Analyses of this nature can detect DNA mutations, per-
form DNA sequencing, profile protein expression [4], or simply detect water con-
tamination [21].

As stated by Andrews, electrophoresis relies on charged particle migration when
the particle is subjected to an electric field [2]. As a result, a positively charged
particle will migrate to the electrophoretic system’s cathode, while a negatively
charged particle will migrate to the anode. Numerous factors determine the sep-
aration characteristics for a given analyte in an electrophoresis system. Some of
these factors include electrophoretic mobility, sieving matrices, separation buffer
composition, and electrophoretic analysis type.

3.1.1 Electrophoretic Mobility and Separation

The rate at which a particle migrates is determined by its electrophoretic mobility
(1), which is defined in Equations 3.1 and 3.2:

d

iy (3.1
v

r=x (3.2)

where d is the distance traveled, ¢ is the time traveled, F is the electric field strength,
and v is the steady state electrophoretic velocity [2]. An approximation of the force
(F = qF) causing the particle to migrate is the result of multiplying its charge (¢)
and the electric field strength [24]. This holds true when the migrating particle is
at a very low concentration in a non—-conducting solvent [2]. Opposing this force
is friction within the separation medium. When not using a sieving matrix (see
Section 3.1.2), this frictional force (f) is given by Equation 3.3:

f=6mrnu (3.3)
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where r is the ionic radius of the migrating particle, and 7 is the viscosity of the sep-
aration medium, and v is the electrophoretic velocity [24]. However when a sieving
matrix is used, as is often the case with electrophoresis, this relation no longer holds
true. Instead the friction opposing electrophoretic movement is dependent on ma-
trix pore size and migrating particle size [2]. In either case, different electrophoretic
mobilities between two analyte particles will result in a separation. For example, a
smaller particle will have a higher mobility than a larger particle with equal charge,
and as a result will move faster along the separation channel. Two particles equal
in size, but differing in charge will also be separable by electrophoresis.

3.1.2 Sieving Matrices

Sieving matrices are used to alter the mobility of charged particles in an elec-
trophoretic system. In the case of DNA, if left to migrate in a simple buffer solution,
no separation would occur. The addition of a sieving matrix will produce a sepa-
ration where mobility is partially determined by size [3]. The size of pores in the
sieving matrix, often called a gel, partially determine the rate at which analyte par-
ticles will migrate. Manipulating the pore size (based on gel type or composition)
will permit different separation characteristics [2].

Sieving matrices often consist of water—soluble entangled polymers [3, 25], or .
cross-linked polymers [3, 9, 26]. Khandurina offers a fairly extensive list of en-
tangled polymers that are used in DNA analysis. These include several derivatives
of linear polyacrylamide (LPA), and other polysaccharide variants. Also cited are
various types of “thermoresponsive polymers” whose viscosity, and thus matrix
properties, are temperature controllable [25]. For protein analysis, sieving matrices
are often composed of a polymer such as LPA or poly(dimethyl acrylamide) [4].
That being said, cross-linked acrylamide polymers have been implemented in mi-
crochannels, and have resulted in protein and DNA separations that are highly re-
solved over a distance of millimeters [9, 19].

3.1.3 Channel Surface Characteristics

Microfluidic channels present a few unique challenges regarding electrophoretic
separation. In traditional slab gel electrophoresis, the surface area—to—volume ra-
tio of the separation system is much smaller than in capillary or chip-based elec-
trophoretic techniques. As a result, influences such as electroosmotic flow (EOF)
and solute adsorption to the microchannel walls can have a significant effect on
separation quality [27]. ‘

EOF, also known as electroendosmosis [28], results from channel walls adopt-
ing a surface charge when in contact with an electrolyte. In turn, the charged surface
groups attract a cloud of mobile electrolyte ions of the opposite polarity which cre-
ate a thin layer known as the Debye layer. This Debye layer, or electric double
layer (EDL) as it is also known, consists of two distinct regions. The Stern layer
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consists of a thin immobilised layer of counterions (ions of opposite charge to the
surface charge) immediately adjacent to the surface. A second layer, known as a
Gouy or diffuse layer, consists of mobile counterions and its thickness is known as
the Debye length (on the order of nanometers) [29, 30] When an electric field is
applied to the channel, the charged fluid in the Debye layer is attracted to an elec-
trode of opposite polarity and develops momentum that is then transferred to the
adjacent fluid in the channel via viscous mechanisms [31]. The resulting EOF can
contribute to the migration of neutral particles at the EOF velocity (vgor) described

in Equation 3.4:
Fe
vror = ¢ (3.4)

where E is the electric field strength, 7 is the separation solvent viscosity, ¢ is
the permittivity (dielectric constant) of the separation solvent, and ¢ is the zeta—
potential of the inner channel surface. Zeta—potential is the charge present on the
channel wall [32], and is generally a result of either protonation, deprotonation,
or adsorption at the channel surface in the presence of an electrolyte [29]. When
EOF is present, separation resolution can be reduced, especially when separating
complex analytes such as proteins or DNA [27]. Controlling EOF is also important
to ensure proper sample injection, prevent hydraulic pumping, and create a flat flow
profile that minimises band broadening [33].

Analyte adsorption to the channel walls is also highly dependent on channel
wall characteristics. For instance, the adsorption of proteins to a channel wall
occurs in a time—dependent fashion and will affect the channel walls inhomoge-
neously. This creates surface abnormalities that can lead to band broadening, asym-
metrical detection peaks, inadequate separation quality, and reduced peak concen-
tration [31]. Surface—analyte interactions are particularly present when analyzing
complex molecules such as proteins or DNA [27].

Controlling surface characteristics thus becomes of great concern to practition-
ers of MCE. Numerous reviews exist on manipulating surface characteristics of mi-
crofluidic channels to optimise performance [27, 31, 33]. An example of polymer
based channel coating for protein separation can be found in a paper published by
Han and Singh. In this paper, a polyacrylamide based coating, based on techniques
pioneered by Hjerten [28], is used to coat the microchannels of a glass chip. Along
with a polyacrylamide sieving matrix, this permanent coating produced channels
that allowed for highly efficient separations [9]. Another paper by Ullsten et al. ac-
tually uses channel coating to induce electroosmotic flow in a fused—silica capillary.
Doing so enabled Ullsten to use electrospray ionisation (ESI) (see Section A.1.1 on
page 127) compatible buffers for coupling protein electrophoresis to mass spec-
trometry (MS) [34]. Additional discussion of channel coatings, their implementa-
tion, and their effects can be found in Chapter 2.
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3.1.4 Separation Efficiency

Electrophoretic separations often refer to the theoretical number of plates or plate
height as an indicator of performance. Each band of analyte in an electrophoretic
separation consists of a concentration distribution. Often approximated as an ideal
(Gaussian) distribution, each band has a variance (c2). Plates are essentially a theo-
retical construct designed to divide the separation capillary into a number of bands
or plates that help to quantify the effects of band (peak) broadening by measuring
02 [32]. In capillary electrophoresis, the primary causes of band broadening are
molecular diffusion, inhomogeneous temperature within the capillary, and adsorp-
tion of the analyte to the channel surface [31]. Using band variance, the concept of
plate height (H) emerges in Equation 3.5 as an indication of the variance per unit

of column length,

0_2

H= T (3.5)
where L is the length of the separation column, or in the case of this work, the
distance at which detection of the analytes was performed. Plate height is typically
expressed in micrometres (Lm). A smaller plate height indicates less band variance,
and consequently a more efficient separation [32]. The total number of theoretical

plates, N, in a capillary is therefore given by Equation 3.6,

N=— (3.6)

A higher number of theoretical plates indicate better separation efficiency (i.e. less
band variance). The number of theoretical plates can also be described by Equa-

tion 3.7,
¢ 2
N =15.54 (3.7
<At1/2) )

where ¢ is the migration time of the detected peak, and At,/, is the full-width
half maximum of the detected peak [26]. Equation 3.7 is essentially derived by
combining Equations 3.5 and 3.6. Migration time () is substituted for migration
length (L) and the full-width half maximum (At ,,) of the band is substituted for
variance [32]. The value of Aty is considered to be 2.350 [26].

Another method of determining separation performance is by determining the
separation resolution (R;). R, can be defined by Equation 3.8,

ta — 11

R,= 20
3 (Wi + Wy)

(3.8)
where ¢, and ¢, are the migration times of two peaks, and W; and W, are the
bandwidths of the peak bases. Higher values of R, indicate better resolution [35].
Baseline resolution of two peaks is achieved when R, is greater than 1.25 [36].
Although both N and R, were developed for chromatographic separations, they are
also used in describing electrophoretic separations. Examples of plate number are
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far more prominent in the literature because comparing E; values between different
papers becomes very difficult because of the variety of techniques, channel lengths,
and samples used.

Of particular interest in microchip electrophoresis is the theoretical number of
plates per meter, N/m. Because the aim of microfluidics is to miniaturise and ac-
celerate separations, theoretical plates per meter emerges as a very relevant perfor-
mance metric. The number of theoretical plates per meter is obtained by calculating
the number of theoretical plates (see Equation 3.7) and dividing by the detection
distance [26].

3.1.5 Signal-to-Noise and Limits of Detection

The signal-to—noise and limits of detection for a system are important operating
characteristics that aid in establishing detectable levels of analytes. The signal—
to—noise ratio (SN R) is typically calculated by dividing the background corrected
fluorescence signal by the standard deviation of the noise signal taken over a given
period of time [37]. This is expressed by Equation 3.9,

S—N

ON

SNR = (3.9)
where S is the peak amplitude of the signal, IV is the average of the baseline noise
observed at a time prior to the signal occurring, and o is the standard deviation of
the baseline noise observed during the same time period as 72. The limit of detection
of a system, is established by measuring the concentration of analyte that produces
a signal with a SN R value of 3 [37].

3.1.6 Types of Electrophoresis

Since electrophoresis is a well-established technique, numerous variants of elec-
trophoretic techniques exist. Techniques such as isoelectric focusing (IEF) have
been performed with success in microchips in recent years [9, 12]. This technique
uses a pH gradient to separate proteins based on their isoelectric point (pI) [12].
Proteins adopt a charge based on the pH of their environment. At pHs above their
isoelectric point, proteins will adopt a negative charge and at pHs below their iso-
electric point, proteins adopt a positive charge. However, at their isoelectric point
proteins are neutral. If a potential is applied to a system with a pH gradient, the pro-
teins will migrate until they reach their isoelectric point and become neutral. Conse-
quently, the proteins are separated based on their isoelectric point [38]. Other tech-
niques such as sodium dodecyl sulfate~polyacrylamide gel electrophoresis (SDS-
PAGE) have also been implemented on a microfluidic chip [9]. SDS-PAGE allows
proteins to be separated on the basis of molecular weight (MW) [2]. A review by
Dolnik and Liu also mentions other variants of conventional electrophoresis such as
zone electrophoresis, multi-dimensional electrophoresis, and affinity electrophore-
sis, all of which have been implemented in microfluidics [4].
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3.2 SDS-PAGE

As previously mentioned, sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS—PAGE) permits the separation of proteins on the basis of their MW [2].
Traditionally performed in large slab gels [2, 39], recent papers have discussed the
use of this technique in microfluidic structures [9, 26].

3.2.1 SDS-PAGE Theory

SDS—PAGE involves the electrophoretic separation of denatured proteins. Pro-
teins are denatured by a process that involves heating in the presence of SDS and
2-mercaptoethanol or dithiothreitol (DTT). 2—mercaptoethanol and DTT are thiol
reagents that serve to cleave the proteins’ disulphide bonds, and thus allow complete
denaturation and saturation of the protein with SDS. This results in proteins with
SDS bound in a constant weight ratio, such that the negatively charged SDS mole-
cules create proteins with virtually uniform charge densities regardless of protein
size. When migrating in the presence of an electric field, the migration behaviour of
a series of proteins is such that a linear curve can be plotted using the logarithm of
protein MW in relation to the proteins’ relative mobilities. Such curves are useful in
determining the size of unknown proteins [39]. As a result, SDS—PAGE is a highly
useful technique capable of providing information on protein content in a sample
along with the MW of those proteins.

Proteins and Protein Denaturing

Although a large portion of this thesis discusses proteins, little has been said as to
their nature. Proteins are essentially polymers of amino acids. Every protein is
constructed from a set or subset of the twenty standard amino acids. Each amino
acid consists of an amino and carboxyl group bonded to the same carbon atom.
The unique properties of each amino acid are determined by their side chains, also
known as R-groups. R-groups influence amino acid structure, charge, size, and wa-
ter solubility. Amino acids are zwitterionic when dissolved in water. Essentially
this means that amino acids can act as either a proton donor (acid) or proton ac-
ceptor (base) when in solution. Based on the pH of the solution in which they are
dissolved, amino acids will assume a positive or negative net electric charge. When
the amino has no net electric charge, it is said to be at its isoelectric point, pI, which
occurs at a given pH. If the solution pH is below the pl of the amino acid, the amino
acid will present a net positive charge. In contrast, when in a solution with a pH
above its pl, the amino acid will assume a net negative charge [38].

As previously mentioned, proteins are chains of amino acids that are joined by
covalent bonds known has peptide bonds. Typically, proteins contain hundreds to
thousands of amino acids, and form long chains. As such, unique sequences of
amino acids generate unique proteins with unique properties. In terms of structure,
proteins are characterised by four levels of protein structure. Primary structure is
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described by observing the sequence of amino acid residues (the term applied to
amino acids in a polypeptide) linked together by covalent bonds. These covalent
bonds include previously discussed peptide bonds, as well as disulfide bonds which
are formed by thiol groups of cysteine amino acid residues. Secondary structure
refers to stable amino acid arrangements that result in the formation of repetitive
structural patterns. The third level of structure, tertiary, describes how the protein
folds in three—dimensional space, while quaternary structure, refers to the arrange-
ment of multiple polypeptide subunits that may make up a protein. Protein structure
determines its functionality and is also known as protein conformation [38].

While information on protein structure is valuable when determining a protein’s
function, SDS-PAGE is primarily concerned with the size of the protein of interest.
As such, disturbing the secondary, tertiary, and quaternary structure of the protein
is essential to separate proteins purely based on size. This process is known as
denaturing the protein, and is a necessary sample pre—treatment step when utilizing
SDS-PAGE.

The native protein state or conformation can be defined as the structure a pro-
tein assumes in its natural environment, i.e. a living organism. On the other hand, a
denatured protein refers to a protein that has undergone a significant structural alter-
ation without disturbing the primary structure. Consequently, denaturation involves
disturbing the secondary, tertiary, and quaternary structure of a given protein. In
general, denaturation can be reversible or irreversible and can be achieved using
various methods [40].

When using SDS-PAGE, three distinct components of denaturation are essen-
tial to ensure repeatable results. These are the presence of SDS and a thiol reagent,
and the addition of heat. An excess of sodium dodecyl sulfate (SDS) as well as
thiol reducing reagent, such as dithiothreitol (DTT) or 2—-mercaptoethanol, must be
present. When heat is applied in the presence of the additives, protein secondary,
tertiary, and quaternary structure will be disturbed. The thiol reagent acts as a
means of cleaving disulfide bonds [39]. SDS, an anionic detergent, serves to dena-
ture the protein into a random coil configuration as well as place a large negative
charge on the protein [2]. Because SDS binds to proteins in a constant weight ratio
when disulfide bonds are reduced, 1.4g SDS per 1g protein, the charge assumed
by the protein—SDS complex is proportional to the mass of the protein and greatly
overwhelms the charge resulting from the proteins’ zwitterionic amino acids. In
order to ensure complete denaturation and reliable migration of the sample during
electrophoresis, boiling of the sample is required prior to analysis [39].

Sieving Matrices

As is evidenced from its name, sodium dodecyl sulfate—-polyacrylamide gel elec-
trophoresis utilises polyacrylamide gel as a sieving matrix. Polyacrylamide gels
used for SDS-PAGE are cross-linked and are formed by the polymerisation of -
acrylamide monomer into long chains that are cross—linked by bifunctional cross—
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Polyacrylamide Gel | Separable Protein
Concentration (%71") MWs (Da)

5% 60,000-200,000
10% 16,000-70,000
15% 12,000-45,000

Table 3.1: Theoretical polyacrylamide gel concentrations and separable molecular
weight ranges in slab gel electrophoresis [39].

linking reagents, typically N,N'-methylene bisacrylamide (more commonly known
as bisacrylamide). See Figure 2.2 for a chemical representation of the final gel
structure. The result is a porous gel in which the pore size is determined by the to-
tal monomer concentration (acrylamide monomer and cross—linker monomer), %T,
and cross—linker concentration, %C. When the proportion of monomer to cross—
linker is kept constant, the pore size of the gel decreases as the %7 increases. The
proportion of %C to %T has additional effects on the porosity, stiffness, brittle-
ness, light scattering, and swelling properties of the gel. Typically, pore sizes are
at a minimum when %C is approximately 5% of the total monomer concentration,
%T. Typical values for %7 in SDS-PAGE are 5% to 15%, while the ratio of %7 to
%C is typically 37.5:1. Gels using a concentration gradient are also used. Gradient
gels offer the advantage of being able to separate a wider MW range of protein in a
single gel [39].

Choosing the appropriate gel concentration for separating the proteins in the
sample of interest is critical to ensure adequate separation of the constituent pro-
teins. Improper gel concentration choice may lead to complete exclusion of the
proteins from entering the gel or the inability to separate protein species. Table
3.1 contains general guidelines for traditional SDS-PAGE applications in terms of
gel concentration and separable protein size range [39]. These should be consid-
ered as general guidelines as experience with use of the gels may result in different
observed separable MW ranges. Refer to section 3.2.1 for further discussion on
determining the appropriate gel concentration for a set of proteins and determining
the porosity of polyacrylamide gels. For additional discussion on the polymerisa-
tion and characteristics of polyacrylamide gels, see Section 2.2.

Molecular Weight Estimation

Because SDS—PAGE separates proteins on the basis of the MW, one of the primary
uses of the technique is to generate information on the MW of proteins within a
given sample. As with other separation techniques, the ability to adequately sepa-
rate and detect proteins within a sample is also of great importance. Consequently,
metrics and methods have been developed for analysing data generated by SDS—
PAGE. These include molecular weight curves (MWC), Ferguson plot analysis,
resolution and plate number, and signal to noise and limit of detection. Each of
these concepts are presented in the subsequent discussion.
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Molecular weight curves offer a convenient means of calculating the MW of
unknown proteins. These curves are generated by the separation of a series of
standard (known molecular weight) proteins. By normalising the standard proteins’
mobility to that of the buffer front and plotting that against the logarithm of the
known MW of the standard proteins, a linear curve is generated [39]. This curve
can then be used to evaluate the MW of unknown sample proteins [41]. There are
two main assumptions associated with this method. First, one assumes the protein
molecules being separated have a uniform charge density. As previously mentioned,
this is typically achieved by binding large amounts of SDS to the protein as well as
reducing disulfide bonds using reagents such as 2—mercaptoethanol or DTT. Even
in the presence of SDS and a thiol reducing agent, some proteins have been known
to behave anomalously. Second, one assumes that the relationship between mobility
and MW is linear throughout a given range [2].

At this point it would be appropriate to introduce the concept of Ferguson plot
analysis and its impact on the use of molecular weight curves. The foundations of
Ferguson plot analysis are rooted in the knowledge that the electrophoretic migra-
tion of a molecule is influenced by both the gel concentration, %7, and the degree
of gel cross-linking, %C. As long as the degree of cross-linking (%C) remains
constant over a range of gels concentrations (%7), so as to maintain a consistent
relationship between gel concentration and gel porosity, Equations 3.10 and 3.11
apply to observed mobilities of molecules in a gel [2],

loglo om = loglo Ho — (KR X %T) (3.10)
10g10 Rf - longb - (KR X %T) (3.11)

where p is the mobility of the molecule, Fy is the normalised mobility of the mole-
cule (normalised to the dye front that moves ahead of proteins in a slab gel), Ky is
the retardation coefficient of the molecule, and 1y and Yj are the free mobility and
relative free mobility respectively. Free mobility is the mobility of the molecule in
a %T = 0% gel [2].

Figure 3.1 contains an example of a Ferguson plot using artificially constructed
data. The base ten logarithm of R; is plotted against gel concentration (%T'). Al-
though Ry is used in this plot, it can be used interchangeably with . In Ferguson
plots, each linear curve (described by either Equation 3.10 or 3.11) links the mea-
sured mobilities of a single protein in several different gel concentrations (%T).
From this, one can gather that Ferguson plot analysis was performed on seven pro-
teins (i.e. seven curves) in Figure 3.1. Each linear curve, and in turn each protein,
has a unique slope known as K. When Ferguson plots display data gathered from
proteins of known molecular weights, the data can then be used to plot K versus
the MW of the proteins. This will produce another linear curve. Based on this,
the MW of an unknown protein can be established by measuring its K value and
fitting it to the linear plot of Kr versus MW that was generated by proteins with
known molecular weights [2]. The retardation coefficient is characteristic of protein
size and the sieving capabilities of the gel matrix [26].
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Typical Ferguson Plot
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Figure 3.1: This example of a Ferguson plot depicts a separation of seven proteins
in gels of six different concentrations (%7 = 3%, 4%, 5%, 6%, 8%, 10%) using ar-
tificial data constructed for the purpose of demonstration. The x—axis represents
the gel concentration (%7’) and the y-axis represents the proteins’ normalised mo-
bilities (F2¢). Values for Ry are generated by normalising protein mobilities to the
mobility of the buffer front. In the case of slab gel electrophoresis, the buffer front is
indicated by a dye front that moves faster than the proteins during electrophoresis.
The proteins in this plot exhibit identical free solution (i.e. %T = 0%) mobili-
ties indicating that they have uniform charge densities. This free solution mobility
is described by pg or Y (y—intercept) in Equation 3.10 or Equation 3.11 respec-
tively. The retardation coefficient, Kg, for each protein is quantified by measuring
the slope of each line. Proteins having unique molecular weights will have unique
Kp values. There is a linear relationship between Kz and MW [39]. The sep-
aration of proteins using SDS—-PAGE would produce a Ferguson plot of this type
because ideally SDS~denatured proteins will exhibit identical charge densities (i.e.
Yo = 1) [39]. It is also important that no data point was given for protein G at
%T = 10% because it was size—excluded (too large to enter the gel pores) from the
gel. As a result, it never migrated to the detector and could not be detected.
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Figure 3.2: Examples of different behaviours in protein separations as described
by Ferguson plot analysis. Artificial data adapted from another source is used to
demonstrate these concepts [39]. A) Proteins have identical charge densities, and
thus, identical mobilities in free solution (Y, = 1). Proteins are separated strictly
on the basis of size [42]. As previously noted, SDS—-PAGE separations produce
Ferguson plots of this nature (see Figure 3.1). B) The protein with the greater
mobility in free solution is also the smaller protein. Separation is based on both
size and charge. C) The protein with the greater mobility in free solution is actually
the larger protein because it has a higher charge density than the smaller protein.
Separation is based on both size and charge. Such circumstances are common in
non—denaturing protein separations because native proteins can adopt a wide range
of charges. D) Two proteins have the same size (same Ky values) but different free
mobilities (different Y, values) caused by differences in charge [39].

Ferguson plot analysis is particularly useful when examining the anomalous mo-
bility behaviour of proteins in SDS-PAGE separations. Because it can differentiate
between protein mobility governed strictly by size (i.e. SDS-PAGE) and protein
mobility governed by size and charge, it is useful in cases where SDS—-denaturing
is ineffective at generating the uniform charge density required for SDS-PAGE. In
these cases, a smaller protein may actually migrate more slowly than a larger pro-
tein because it has less SDS per unit mass, and therefore a lesser charge density
than a larger protein that is completely saturated with SDS [39]. Figure 3.2 identi-
fies different scenarios where both the size and charge density of two proteins affect
their mobility relative to one another.

Relative mobility, Ry, is also a good indicator of the validity of protein MW
measurements. Values of 2y between 0.25 and 0.85 are considered to be valid
measurements of the relative mobility of proteins due to the linearity of the rela-
tionship between Ry and MW in this range [41]. Such information is useful, in
that it also permits optimisation of the gel concentration (%7’) by allowing one to
ensure that the values of Ry for the proteins of interest remain within this range.
The application of Ferguson plot analysis to the data gathered in this work will be
discussed in Section 3.3.2.

Given this knowledge of Ferguson plot analysis, it is clear that with proper
techniques most proteins can be sized using molecular weight curves established
from separating standard proteins. However, it is also important to note that when
anomalies are observed, Ferguson plot analysis will aid in determining the cause of
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the anomalies (i.e. non—uniform charge density in SDS—denatured proteins) and the
true MW of the protein under scrutiny.

In addition to Ferguson plots, molecular weight curves are another good source
of experimental information. MWCs are constructed using the least squares re-
gression method. The common form of the equation for these curves is found in
Equation 3.12. Essentially the curves are in the form of a straight line,

log MW = SRp + log MWg, 3.12)

where MW is the molecular weight of the protein, S is the sieving capability of the
gel, Ry is the mobility of the protein normalised to the mobility of the buffer front,
and MWg, is the size exclusion limit of the gel. The size exclusion limit refers
to the size of proteins that will be completely excluded from the gel, while the
sieving capability is an indicator of how effectively the proteins are being separated
[26]. Size exclusion limit can be used to ensure that proteins of interest are able
to effectively enter the gel to be separated, but can also be used as a measure of
assessing the consistency of gel polymerisation procedures. Uniform size exclusion
limits among different gels of the same concentration and degree of cross-linking
indicate stable polymerisation procedures [43]. This is particularly useful during
protocol development. The sieving capability, or slope of the molecular weight
curve, is equally important. A near vertical slope, indicates ineffective separation
capability of the gel relating to proteins of interest, while a flatter slope indicates
., more effective sieving of the proteins [26]. Figure 3.3 illustrates this point.

3.2.2 SDS-PAGE Protocols

Separations employing SDS-PAGE in microfluidics are not well-established in
the literature and only a handful of published works are available on the sub-
Ject [9, 14, 26, 44-47]. In conjunction with the work discussed in Chapter 2, pro-
cedures for conducting SDS-PAGE separations were derived from information in
these sources. Additionally, techniques for labeling denatured protein in microchip
wells (developed within the scope of this work) were derived from capillary based
SDS-protein separations of single cell lysates [48, 49]. Because many information
gaps were present in these publications, standard SDS-PAGE procedures were also
adapted for use in microfluidics from more traditional sources [2, 39] and product
datasheets. These protocols serve to outline sample injection and separation para-
meters, sample handling, on—chip protein labeling methods, and general procedures
related to conducting such separations.

The following discussion will give a brief overview of the various procedures
used to separate protein ladders via SDS-PAGE. Complete versions of these pro-
tocols, including solution recipes, can be found in Appendix D. These separa-
tions were also used to refine the protocols discussed in Chapter 2, provide data
on separation performance, and supply data needed for experiments conducted in
Chapter 4. All separations in this thesis were performed using pFluidic-Toolkits

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Typical Molecular Weight Curves
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Figure 3.3: A theoretical example of the separation of twelve proteins using SDS—
PAGE. These plots are derived from artificial data designed to demonstrate these
concepts. These molecular weight curves illustrate the results from the separation
of these proteins in three different gel concentrations. Curve A resulted from a sep-
aration conducted in the gel having the lowest concentration, while Curve C was
generated by a separation in the gel with the highest concentration. Proteins (data
points) are best separated when the horizontal distance between two proteins on the
same curve is large. Curve A shows that although all of the proteins were detected,
the mobilities of each protein were very close, so each protein peak was probably
not well-resolved. Curve C shows proteins that have very different mobilities, in-
dicating a well-resolved separation, but only seven proteins were detected. This
occurred because five of the proteins were beyond gel C’s size exclusion limit. The
size exclusion limit of a gel can be approximated by the y~intercept of the curve. In
general, a greater curve slope means the separable size range of proteins is greater,
but also means that the separation capability is lower.
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(uTk) supplied by Micralyne (Edmonton, Alberta, Canada). The uTk’s utilised
laser—induced fluorescence (LIF) based detection with an excitation wavelength of
532nm and optimal emission detection between 563.2 and 573.2nm [50].

Microfluidic Chips

All SDS-PAGE separations were conducted in 4—Port Mini microfluidic chips (see
Figure 2.1). The channels in these chips had an approximately semicircular cross—
sections with a depth of approximately 46pum and a maximum width of approxi-
mately 102pum. The chips were fabricated from borosilicate glass substrates using
traditional glass fabrication methods at the University of Alberta NanoFab facility.
Prior to conducting separations in these chips, the channels were coated using the
protocol discussed in Section 2.1.2 and polyacrylamide gels were polymerised in
the channels using protocols described in Section 2.2.2.

Pre-Labeled Protein Ladder Separations

Pre-labeled protein ladder separations were conducted using the BenchMark™
Fluorescent Protein Standard (BFPS) supplied by Invitrogen (Carlsbad, CA, USA).
This protein ladder consists of seven standard proteins with MWs of 11, 21, 32, 40,
60, 98 and 155kDa. Proteins in this ladder are SDS denatured and conjugated to
a fluorescent dye, Alexa Fluor 488. The ideal excitation wavelength of the Alexa
Fluor 488 fluorophore is 494nm and maximal emission occurs at 519nm (see Fig-
ure 3.4). No modifications were made to this ladder and as a sample it was analysed
in its as—shipped state. It should be noted that all parameters discussed below are
typical values and do not necessarily reflect the operating parameters used in all
experiments.

The microfluidic chips used for the separations were removed from the storage
buffer and the outer surfaces of the chip were dried using absorbent clean wipes. If a
new gel was being used (i.e. first separation after gel polymerisation), polymerised
polyacrylamide gel was scraped from the chip wells using a 10uL pipette tip. If the
chip had been previously used, storage buffer was removed from the wells using
a pipette. It is important to note that the chip wells were never left dry for a time
greater than two minutes. When this occurred, the gel inside the channel began
to dry out. This drying had the potential to make the chip unusable. Dried out gel
contains air bubbles that disrupt or prevent current and sample flow during injection
and separation.

Prior to performing sample separations, the channels were inspected and elec-
trokinetically flushed. This was done to introduce fresh buffer into the system, test
gel integrity, and minimise cross—contamination from previous samples when the
gel was being reused [26]. In instances where a new gel was being used for the
first time, fluorescence was measured during the initial electrokinetic flushing step.
Since no fluorescent proteins had been introduced into the gel, the exact cause of
the fluorescence was unknown. For this reason, electrokinetic flushing was always
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Excitation and Emission Spectra of Alexa Fluor 488
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Figure 3.4: A plot of the Alexa Fluor 488 fluorophore’s emission and excitation
spectra obtained from Invitrogen (Carlsbad, CA, USA) [51].

conducted on new chips, as well as those that were being reused. This type of
flushing prior to use has also been noted in other published reports of capillary gel
electrophoresis [52, 53].

Electrokinetic flushing was achieved by placing 3puL of 1X NEXT GEL Run-
ning Buffer (1XNGB) in each of the chip’s four wells. The channels were then in-
spected under a microscope to ensure no bubbles were present in the gel. If bubbles
were present, the chip was deemed to be unusable and was set aside for cleaning.
If no bubbles were found, the chip was then loaded into the uTk and the laser was
focused at the channel intersection. The fluorescence signal was monitored at the
intersection to ensure any sample remaining the chip was flushed out. A potential of
300V was first applied across the injection channel (approximately 160V /cm, SR
= GND, SW =300V) for ten minutes followed by the application of a 300V across
the separation channel (approximately 140V /cm, BR = GND, BW = 300V) for an
equal duration. When residual sample from previous experiments was still in the
chip, this procedure was repeated until the baseline sample fluorescence generated
a photomultiplier tube (PMT) voltage of less than 0.5V (PMT gain = 0.8) during
the injection phase of the electrokinetic flushing. Flushing the gel and lowering
the baseline fluorescence meant that a reasonably low concentration of the previous
sample was present in the injection channel. The PMT voltage level of 0.5V was
chosen because at this low level of injection channel fluorescence, old sample did
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not interfere with detection of the new sample. It also ensured analysis of the new
sample was less likely to be affected by old running or sample buffers because new
running buffer had been introduced into the gel. Once this was complete, the chip
was prepared for separation of the BFPS ladder.

First, IXNGB was removed from each of the wells using a pipette. The SW,
BR, and BW wells were filled with 3uL. of 1XNGB each. After vortexing the
sample tube to ensure a homogeneous sample concentration within the vial, 0.5uL
.of BFPS sample solution was pipetted into the SR well. 2.5uL of sample buffer
was then pipetted into the SR well and it was mixed with the BFPS sample solution
using the pipette. The sample buffer consisted of 2.4mM sodium borate buffer
(pH = 8.5) with 2.0% SDS. Because the BFPS sample contained SDS—denatured
proteins, there was no need apply heat to denature the proteins. Once the solution
contained in the SR well was thoroughly mixed, the chip was placed in the uTk for
the injection and separation of the sample proteins.

When the chip, gel concentration, sample content, or the protocol were unfamil-
iar, it proved useful to initially detect fluorescence at the intersection to determine an
appropriate injection time for the first injection of the sample. Typically the initial
injection duration was approximately 90 to 120 seconds at an injection voltage of
400V (approximately 215V /cm, SR = GND, SW =400V) in gels with %T from 6%
to 10%. Because sieving of proteins occurred in the injection channel, subsequent
injections were sometimes needed to ensure all of the sample constituents reached
the channel intersection. Separations were conducted with voltages of 500V to
1000V (approximately 230V /cm to 460V /cm, BR = GND, BW = 500-1000V)
and detection was usually performed at 3mm or 10mm. These detection points
were chosen because they were easy to approximate using the wells as landmarks
(see Figure 2.1). Subsequent injections of sample used the same injection electric
field strength and were 10 to 20 seconds in duration.

Following completion of the experiments, the channels were electrokinetically
flushed using the aforementioned procedure. Throughout the entire process, special
care was taken to ensure the chip’s wells did not dry out. Such occurrences typically
rendered the chip unusable for reasons previously noted.

Unlabeled Protein Ladder Separations

Unlabeled protein ladder separations were conducted using the BenchMark™ Pro-
tein Ladder (BPL) supplied by Invitrogen (Carlsbad, CA, USA). This protein ladder
consists of 15 standard proteins with MWSs of 10, 15, 20, 25, 30, 40, 50, 60, 70, 80,
90, 100, 120, 160 and 220kDa. The proteins are SDS—denatured and each is present
at a concentration of approximately 0.1ug/uL. The 20 and 50kDa proteins are de-
signed to be highlights in the ladder, and as such, may have an actual concentration
higher than 0.1pg/uL. This protocol contains a simple method of conjugating the
proteins to a fluorescent dye while the sample is in the SR well. The fluorescent
label used was 3—(2—furoyl)quinoline—2—carboxaldehyde (ATTO-TAG FQ), which

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Excitation and Emission Spectra of ATTO-TAG FQ
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Figure 3.5: A plot of the ATTO-TAG FQ fluorophore’s emission and excitation
spectra obtained from Invitrogen (Carlsbad, CA, USA) (personal communication,
e-mail, September 1, 2006)

was also supplied by Invitrogen. The ideal excitation wavelength of the ATTO-TAG
FQ fluorophore is 489nm and maximal emission occurs at 591nm (see Figure 3.5).

ATTO-TAG FQ was chosen because of its reasonable excitation/emission effi-
ciency (approximately 3% see Section 3.3.4), use in published works for labeling
proteins in single—cell lysates [48, 49], and its relatively simple conjugation pro-
cedures. ATTO-TAG FQ covalently labels primary amines and is not fluorescent
until it reacts with an amine in the presence of a cyanide anion [48]. Consequently,
fluorophores not conjugated to sample proteins do not generate detrimental back-
ground noise. Unfortunately, the fluorescence enhancement of bound versus un-
bound ATTO-TAG FQ was not quantified in published works discussing develop-
ment of the fluorophore [54].

Because ATTO-TAG FQ covalently labels primary amines, it is incompatible
with sample buffers containing Tris. Tris is a primary amine, and its presence during
the labeling reaction may result in higher levels of background noise due to labeled
buffer components, or reduced labeling efficiency of proteins. Although data on
the composition of 1XNGB is largely proprietary, the suppliers did reveal that it
contained Tris. As aresult, a dilution of 1XNGB could not be employed as a sample
buffer and a sodium borate based buffer was used instead.

With the exception of the in—well protein labeling procedure, the protocol for
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separating the BPL was essentially the same as the protocol for separating the BFPS
ladder. Electrokinetic flushing with 1XNGB was followed by chip well loading,
sample injection and separation, and finally, electrokinetic flushing.

In-well protein labeling was achieved by mixing the required reagents in the
sample well prior to conducting the initial injection of the sample. Reagent quan-
tities were determined based on data provided in Invitrogen datasheets for both the
BPL and ATTO-TAG FQ. Using 0.5uL of BPL sample solution diluted in a total
of volume 3pL of liquid in the SR well, it was determined that the approximate
total concentration of proteins in the SR well was 7uM. According to Invitrogen’s
recommendations, a six—fold molar excess of ATTO-TAG FQ and five—fold molar
excess of potassium cyanide (KCN) compared to sample proteins at a concentra-
tion of 10~% to 1075M is required to properly label the sample in a time period of
one hour. Given these parameters, an eighteen—fold molar excess of both reagents
was used to accelerate the reaction. This was achieved by adding 0.2uL of 2mM
aqueous KCN was added to the 0.5uL of BPL solution, followed by 0.2uL of 2mM
ATTO-TAG FQ (dissolved in methanol). Because these labeling reagent solutions
were stored at -20°C, it was imperative that aliquots of these solutions were com-
pletely thawed and mixed prior to use. Once aliquots were thawed, they were stored
in the refrigerator at 4°C for approximately one week before being disposed of. Fol-
lowing the addition of the labeling reagents, 2.1uL of 2.8mM sodium borate buffer
(pH = 8.5) with 2% v/v SDS was added to the SR well. The contents of the SR
well were subsequently mixed with the pipette and allowed to react for a duration
of 10 minutes. The chip sat in the stage of the uTk to allow the reaction to proceed
in the dark. During this reaction and subsequent separation of the proteins, 3uL of
1XNGB was present in the SW, BR, and BW wells.

After the ten minute labeling reaction was complete, the injection and separation
of the proteins was carried out as described in Section 3.2.2 with gel concentrations
of BT = 6% or %T = 8%. Detection was typically carried out at 10mm because
it was difficult to adequately resolve the proteins in the ladder at a separation dis-
tance of 3mm. In cornparison to separations of the BFPS, the BPL ladder was a
much more complex mixture with closer MW spacing of proteins. Consequently,
resolving a complex mixture over a distance of 3mm would have resulted in poorly
resolved proteins. See Section 3.3.3 for a further discussion of this topic.

3.3 SDS-PAGE Results

The following discussion is intended to provide an extensive characterisation of
the microchip—based SDS-PAGE separation technique and draw comparisons with
existing examples of SDS—PAGE in microchips. This characterisation sets the stage
for future real-world use of the technique and attempts to establish it capabilities
and limitations.

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BFPS Electropherogram
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Figure 3.6: This is an example of a successful separation of the BFPS protein lad-
der. It was conducted in a %T" = 6% polyacrylamide gel in a 4-Port Mini chip
with 46pum deep channels. The separation field strength was 230V /cm. All seven
proteins in the ladder were detected at a distance of 10mm.

3.3.1 Electropherograms

Electropherograms resulting from the separation of the BFPS and BPL protein lad-
ders can be found in Figures 3.6 and 3.8 respectively. While variations did exist be-
tween separations, the general peak profiles shown in these electropherograms were
typical. In total, 54 successful separations of the BFPS ladder and 136 successful
separations of the BPL. protein ladder were conducted. The term ‘successful sepa-
ration’ refers to separations which met all of the following qualitative criteria. First,
protein peaks had to be of sufficient amplitude to be visually identifiable in elec-
tropherogram plots generated by the AML’s uTk data analysis program (AnDna).
This was a largely qualitative evaluation, and was merely used as pre-screening
measure for determining which electropherograms were subjected to further analy-
sis. Second, protein peaks had to be resolved to the point where they could be
easily identified as unique peaks. Finally, the peak identities had to be intuitive.
The applicability of the final criterion was facilitated by the emergence of typical
electropherogram profiles (see Figures 3.6 and 3.8) in which the peak identity and
the relative spacing between peaks were familiar. Upon satisfaction of these three
criteria, ‘successful separations’ were then subjected to further analysis.

In many ways, the BFPS ladder was easier to separate than the BPL ladder. For
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one, the ladder was shipped pre—labeled with Alexa Fluor 488. This meant that any
unconjugated, or free—label was removed from the ladder before it was supplied to
consumers. As a consequence, unconjugated fluorescent label is barely detectable
(small bump in electropherogram at approximately 32.5s of Figure 3.6). Secondly,
all of the proteins are present in equal concentrations. As a result, no single peak has
the ability to overwhelm other peaks. Lastly, the number of proteins is lower, and
the differences in MW between those proteins is much greater. The BFPS ladder
has only six proteins with a MW of less than 100kDa, while the BPL ladder has
twelve. .

Separations of the BFPS often resulted in very ‘clean’ electropherograms, like
the one seen in Figure 3.6. However, on numerous occasions additional peaks were
detected. Figure 3.7 shows a few examples of unexpected peaks that were often
present in BFPS electropherograms. Although the exact origin of these peaks is
largely unknown, they were easily identifiable. The appearance of these peaks was
not related to sample buffer composition nor were they dependent on gel concentra-
tion or the electric field strength. One theory as to the origin of these peaks relates
to age—induced sample degradation. Early separations of the ladder (see Figure 3.6)
exhibited smaller versions of these peaks, while later separations (see Figure 3.7)
yielded unexpected peaks that were much larger in amplitude. These later sepa-
rations were conducted on sample that had exceeded its six month recommended
shelf life. While age—induced sample degradation was not confirmed by separating
freshly ordered sample, such action was not deemed necessary as the appearance of
the extra peaks was not adversely affecting the work being conducted.

Typical electropherograms produced by separating the BPL ladder, like the one
found in Figure 3.8, consisted of the easily recognisable pattern of peaks. The first
peak in the electropherogram was generated by free-label that was not conjugated
to a protein. As mentioned in Section 3.2.2, unconjugated or free ATTO-TAG
FQ does not exhibit fluorescence. This seems to contradict the free—label peak
concept, but control runs confirmed the presence of a singular peak in separations
conducted without a protein sample. From the observations made during this work,
it is believed that some unbound ATTO-TAG FQ and KCN anions in the sample
may actually react with the primary amines contained in the Tris component of the
NEXT GEL Running Buffer upon entering the gel. As expected, this peak arrived
before the protein peaks because its mobility would be on the order of that of the
buffer ions. Consequently, the mobility of the free—label peak should agree with
values obtained for free—solution mobility (1o). Similar peaks were observed before
the arrival of protein peaks in works published by Hu ez al. in which ATTO-TAG
FQ was used in conjunction with a Tris—based separation buffer [55, 56].

The values obtained for the free—label peak mobility in BPL separations ranged
from 1.84 x 107*cm?/V-s to 2.14 x 107*cm?/V s (95% confidence interval).
These values agree with the approximate values provided by Gerstner et al. (uy ~
2.2 x 107*em?/V - 8) [57], and are slightly less than those observed by Herr et al.
(2.8 x 107%cm?/V -5 < pg < 3.6 x 10™*cm?/V - s) [26]. The lack of protein sep-
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BFF'S Electropherogram with Unidentified Peaks
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Figure 3.7: This is an example of a successful separation of the BFPS protein ladder.
It was conducted in a %7 = 8% polyacrylamide gel in a 4-Port Mini chip with
46um deep channels. Detection was conducted at 10mm. The separation field
strength was 230V /cm. Unexpected peaks (those that do not result from the main
protein constituents) denoted in the electropherogram were easily identifiable by
their peak shape.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



aration data from multiple gel concentrations and the irregular behaviour of some
proteins did not allow Ferguson plot analysis to be applied to the determination of
the free—solution mobility (see Section 3.3.2). No attempt was made to eradicate
this peak because it was useful as a reference in determining the normalised protein
mobilities used in the molecular weight curves.

SDS-PAGE separation of the BPL protein ladder was significantly more diffi-
cult than separation of the BFPS ladder for the aforementioned reasons. As a result,
some key features of the electropherograms made protein peaks initially harder
to identify and interpret. Unlike the BFPS ladder, peak amplitudes varied widely
amongst proteins. As one can see in Figure 3.8, the peak amplitude of the 50kDa
protein (seventh protein peak) was significantly greater than that of its counterparts.
This likely resulted from its greater concentration, as it is designed to be a ladder
‘highlight’. In addition, it is unlikely that its greater amplitude is due to some type
of injection effect because relative to the amplitude of other peaks, it did not change
much over multiple injections (see further discussion in Section 3.3.4. As a result
of the 50kDa protein’s greater concentration, the peak of the 40kDa protein (sixth
protein peak) was nearly overwhelmed. The 20kDa (third protein peak) protein
was also designed to be a ladder highlight, but its peak amplitude was not much
larger than adjacent peaks. Peak amplitudes of higher MW proteins sized 120kDa
to 220kDa (peaks thirteen through fifteen) were likely smaller due to sieving ex-
perienced during injection. Molecular weight, however, does not explain the lower
signal amplitudes of proteins sized 40, 70, and 100kDa (sixth, ninth, and twelfth
protein peaks respectively). In each of these cases, adjacent peaks have signifi-
cantly greater amplitudes. The combination of the large number of proteins and the
in—well pre—column labeling resulted in a very challenging separation. It should be
noted that of the papers published on SDS-PAGE performed in microfluidic chips,
the greatest number of off—chip labeled proteins separated was thirteen [58], and
the greatest number of on—chip labeled proteins was eight [44].

Some qualitative assessment of the separations of both protein ladders can be
found in Tables 3.2 and 3.3. From this brief analysis, a few key trends emerge. In
the case of both ladders, a large portion of the peaks were detected greater than 95%
of the time indicating sufficient resolution and detection limits. In general, it is also
evident that larger proteins were detected less frequently than their smaller coun-
terparts. This can be attributed to a one key attribute of the electrophoretic system.
As mentioned in Chapter 2, the sieving gel was present in all of the channels of the
chip. As such, migration rates of the larger proteins toward the channel intersection
were significantly retarded when compared with the migration rate of smaller pro-
teins. This often resulted in the detection of only smaller proteins during the first
few separations after the initial injection of the sample. Figure 3.9 shows electro-
pherograms obtained from a series of separations of the BPL performed on a chip.
The first separation resulted in the detection of eleven proteins with a cumulative
injection time of 50s. By the time the last separation was performed, the cumulative
injection time was 100s and all fifteen proteins were detected. A gradual increase
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BPL Electropherogram
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Figure 3.8: This is an example of a successful separation of the BPL protein ladder.
It was conducted in a %T" = 6% polyacrylamide gel in a 4-Port Mini chip with
46pum deep channels. The separation field strength was 230V /cm and detection
was performed at 10mm. Fluorescent labeling of the proteins with ATTO-TAG FQ
was conducted in the chip’s sample well. All fifteen proteins were detected. The
first peak in the electropherogram represents free-label present at the buffer front.

Protein Ladder | BFPS BPL
Number of Successful Separations 54 136
Mean # of Proteins Detected/Successful Separation | 6.43 13.76

% of Separations Where 57 49
All Proteins Were Detected (%)

Table 3.2: General performance of separations of the BFPS and BPL protein lad-
ders. The influence of injection time was the main reason some proteins were not
detected 100% of the time. In most cases where large proteins were not detected, the
separation was conducted when the total injection time was insufficient to permit
larger proteins to reach the intersection. As a result, the largest proteins were not
detected at the start of a series of separations. As the series of separations contin-
ued, the cumulative injection time increased, thus permitting the larger proteins to
reach the intersection and be included in the sample plug. This is further illustrated
in Table 3.3.
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BFPS Separations BPL Separations
Protein Size Successful | Protein Size Successful
(kDa) Detection (%) (kDa) Detection (%)
11 100 10 100
21 100 15 98
30 100 20 100
40 100 25 99
63 98 30 100
98 86 40 100
155 57 50 100
- - 60 99
- - 70 95
- - 80 97
- - 90 96
- - 100 85
- - 120 84
- - 160 72
- - 220 52

Table 3.3: Statistics stating the percentage of separations in which proteins in each
ladder were detected. The majority of the time, larger proteins were not detected
due to injection effects (had not yet reached intersection at time of separation) or
size exclusion effects of the gel.

in the amplitude of the peaks and the baseline fluorescence level were also evident
as more sample reached the channel intersection. The observed increase in baseline
fluorescence will be discussed in Section 3.3.3.

There was also some drift (approximately 15% in the 50kDa peak) in the ab-
solute mobilities of the proteins in Figure 3.9. In the case of this series of separa-
tions, the drift seemed to be particularly pronounced. In contrast, the data shown
in Table 3.4 indicates much lower levels of variability. The separations shown in
Figure 3.9 seemed to be particularly prone to mobility variations, but the values in
Table 3.4 are more indicative of the typical performance of the system. Quantifi-
cation of the mobility drift and discussion of the potential causes are discussed in
Section 3.3.2.

3.3.2 Molecular Weight Curves and Ferguson Plot Analysis

The molecular weight curves generated by protein ladder separations (BFPS and
BPL) demonstrate the validity of the separation method and permitted evaluation
of the separations. MWCs were generated using least squares regression analysis
to fit a line to the data points generated by protein ladder separations. Figures 3.10
and 3.11 exhibit typical molecular weight curves for the BFPS and BPL protein
ladders respectively. These MWCs were generated from multiple separations of
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Series of BPL Electropherograms
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Figure 3.9: These electropherograms depict a series of separations in which the
increase in the cumulative injection time increases the number of proteins that are
detected. The electric field strength used in the separation was 230V /cm and de-
tection was conducted at 10mm. The electropherogram on the bottom represents
the first separation, while the top electropherogram resulted from the last separa-
tions. Increased baseline fluorescence levels are likely due to a higher than required
sample concentration. Some drift (see Section 3.3.2) in the absolute mobilities of

- the proteins was also observed. The drift in the absolute mobilities had little effect
on the normalised mobilities. The cumulative injection time was 50s for the first
separation. Each subsequent injection was 10s in duration, leading to a cumulative
injection time of 100s at the last separation.
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Molecular Weight Curve for BFPS
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Figure 3.10: The linear molecular weight curve generated by the BFPS separation
electropherogram in Figure 3.6. The BFPS ladder was separated in a %T = 6% gel
with a size exclusion limit of 640kDa. Based on several (n = 4) separations of the
same protein ladder conducted in the same gel, the relative standard deviation of the
normalised mobility of the various peaks ranged from 0.72% to 2.72% as indicated
by the error bars. Curves similar to these were used to calibrate gels and permit
sizing of the detected salivary proteins in Chapter 4. Gel calibration refers to the
generation of characteristic MWC plot using standard proteins. Using normalised
mobilities, this MWC plot could then be used to size unknown proteins that were
separated in subsequent analyses.

each protein ladder. From these plots, the linear relationship between the logarithm
of protein MW and normalised mobility is clear. On average, the 54 successful
separations of the BFPS ladder yielded relationships with R? = 0.998, while sepa-
rations of the BPL protein ladder resulted in average values of R? = 0.995. This is
comparable to other SDS—-PAGE microfluidic separations where R? values between
0.984 and 0.999 were observed [26].

Because all efforts at sizing proteins rely on consistent protein mobility, it is
critical to assess the variability in mobility amongst separations. Both absolute mo-
bility, a reflection of repeatable gel characteristics, and normalised mobility, a re-
flection of repeatable gel characteristics and separation mechanisms, are critical. As
a result, the repeatability of separations conducted in the same gel, as well as sep-
arations conducted in different gels was assessed. In terms of repeatability within
the same gel, Table 3.4 shows values (mean + standard error) for the absolute and
normalised mobility for proteins in the BPL ladder separations (n = 31) to be on
the order of +0.69% and +0.32% respectively. For the purposes of comparison,
this represents an average relative standard deviation (RSD) of 3.74% for absolute
mobility and 1.72% for normalised mobility. By comparison, Nagata at al. achieved
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Molecular Weight Curve for BPL
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Figure 3.11: The linear molecular weight curve generated by the BPL separation
electropherogram in Figure 3.8. The BPL ladder was separated in a %T = 6% gel
with a size exclusion limit of 710kDa. Based on several (n = 23) separations of the
same protein ladder conducted in the same gel, the relative standard deviation of the
normalised mobility of the various peaks ranged from 0.81% to 1.93% as indicated
by the error bars.

average absolute mobility RSD equal to 5.7%, while Herr et al. claimed and RSD
of approximately 7% from run to run. Figures 3.10 and 3.11 visually demonstrate
that the variability of R; for each protein is quite small, indicating good repro-
ducibility for protein mobility within individual gels. When mobility was assessed
across multiple gels (n = 14) for a large number of BPL separations (n = 123),
the average RSD for absolute protein mobility was 10.8% and the average RSD for
normalised protein mobility was 5.7%. Compared to Herr et al’s stated values of
RSD< 13% for normalised mobility in multiple gels (n = 2), the repeatability of
the system discussed in this work is superior.

The causes for the absolute mobility drift (as seen in Figure 3.9) and absolute or
normalised mobility variability (see Table 3.4) were not studied in depth. Because
the impact on normalised mobility, the critical value required for protein sizing,
was so minuscule (standard error averaging 0.32%), characterisation and mitiga-
tion of the phenomenon were not vigorously pursued. That being said, future work
may be directed at characterising this phenomenon, as it is likely that variations in
EOF contributed to the absolute mobility variations. As seen in Figure 3.9, there
were instances where such variations were large. It is well-known that variabil-
ity in buffer characteristics such as pH, ionic strength, and temperature have been
shown to cause changes in EOF [30]. In particular, the low solution volume in
microchip wells makes microfluidic systems particularly susceptible to changes in
buffer composition due to evaporation.
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Protein Size | Mean Absolute Protein Mean Normalised Protein
(kDa) Mobility (mm?/Vs) Mobility
10 0.1886 + 0.0013 0.9147 £+ 0.0020
15 0.1793 £ 0.0012 0.8693 £+ 0.0021
20 0.1701 £ 0.0013 0.8249 + 0.0025
25 0.1618 £ 0.0010 0.7848 & 0.0021
30 0.1504 & 0.0010 0.7296 + 0.0021
40 0.1325 + 0.0008 0.6424 £ 0.0018
50 0.1242 + 0.0008 0.6024 + 0.0020
60 0.1156 + 0.0008 0.5607 + 0.0019
70 0.1063 £ 0.0007 0.5155 + 0.0018
80 0.1012 = 0.0007 0.4909 £+ 0.0018
90 0.0964 + 0.0007 0.4674 + 0.0019
100 0.0900 £ 0.0007 0.4369 + 0.0018
120 0.0814 =+ 0.0006 0.3949 + 0.0015
160 0.0696 £+ 0.0004 0.3367 + 0.0011
220 0.0580 £ 0.0003 0.2801 + 0.0007

Table 3.4: This table represents the variability present in protein mobility (mean +
standard error) in the BPL ladder. The data was gathered over a series of thirty-
one (n = 31) separations performed in a single chip (%T = 6%) at the same
electric field (E=230V /cm). Three separate sample loads were conducted during
these thirty—one separations. Overall, the standard error for absolute mobility aver-
aged +0.69%, while the standard error for normalised mobility was only +0.32%.
Such values indicate good separation reproducibility and minimal degradation of
the separation system over time. The separations shown in Figure 3.9 seemed to
be especially prone to mobility variations and are not representative of the typical

performance of the system.
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Gel Concentration (%T) 6 8
Mean Size Exclusion Limit (kDa) 688 371
Mean Minimum Separable Size (/2 = 0.85) (kDa) | 15.3 10.9
Mean Maximum Separable Size (R; = 0.25) (kDa) | 212 131
Mean Selectivity Factor -191 -1.79

Table 3.5: These gel characteristics were calculated using observations garnered
from separations of the BFPS and BPL protein ladders.

Separations of the ladders also permitted the gels to be characterised for fea-
tures such as size exclusion limit. The data for %T = 6% gels in Table 3.5 was
generated using separations of the BPL and BFPS ladders, while %T = 8% gels
were evaluated using BFPS separations. Based on the values observed by Herr
et al. [26] for size exclusion limit and selectivity (slope of the MWC), gels poly-
merised in the Applied Miniaturisation Laboratory (AML) appeared to be more
porous in spite of using the same cross—linking ratio and the same polymerisation
catalyst. The observed size exclusion limits are approximately three times greater
than those calculated by Herr. When comparing selectivity of the gels, Herr states
MWLC selectivity of —1.7 and —1.1 for %T = 6% and %T" = 8% gels respectively,
while those polymerised in the AML exhibited values of —1.91 and —1.79.

The exact causes for the discrepancy between Herr’s results and the results pre-
sented in this work are unknown. These differences were not characterised beyond
this point because of the acceptable performance of the protein separations. In ad-
dition, because the size exclusion limit is a value extrapolated from the MWC, it
is more appropriately used as a means of measuring consistency of gel porosity
amongst gel batches characterised by the same means [43], as opposed to a means
of direct comparison between different systems. Menter notes that the use of differ-
ent protein standards to characterise the size exclusion limit can also have an effect
on the extrapolated value [43]. Due the magnitude of the discrepancy it is still
believed that some influence from polymerisation conditions may have led to the
disparity. Factors such as UV intensity, dissolved oxygen content in the polyacry-
lamide precursor solution, and catalyst concentration may have all played a role.
Further characterisation of the polymerisation reaction and gel characteristics may
yield more conclusive answers, but such experimentation was not warranted in this
work.

While conducting separations with different electric field strengths, an interest-
ing observation was made. As the field strength increased, so too did the apparent
size exclusion limit (see Table 3.6). Over a scries of separations performed on a sin-
gle gel, the separation field strength was increased from 230V /cm to 460V /cm over
the course of five separations. Each increase in field strength was accompanied by
an increase in the size exclusion limit of the gel and a decrease in selectivity (steeper
slope of the MWC). Upon returning the field strength to 230V /cm, the apparent
size exclusion limit returned to the values initially obtained at that field strength.
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Because the values returned to normal, it is unlikely that the apparent change in gel
porosity were caused by irreversible changes to the gel such as the damage seen in
Figure 2.8. As a result, investigations into changes in protein mobility were con-
ducted using the same data. Evidence of alterations in the way proteins migrated
at different fields, similar to that observed by Han et al., emerged from the data.
The increase in size—exclusion limit was in fact an artifact of changes in the nor-
malised mobility of proteins at different electric fields. Because the size—exclusion
limit is merely an extrapolation of the MWC, any changes in the normalised pro-
tein mobilities used to construct that curve will also be reflected in the extrapolated
size—exclusion limit.

Although their data was not stated in terms of size exclusion limit, Han et
al. reported similar protein mobility changes in SDS-PAGE separations with field
strengths ranging from 34V /cm to 170V /em [9]. In this case, the normalised mo-
bility changes were assessed by plotting the logarithm of the normalised mobility
versus the proteins’ MW. Figure 3.12 shows a similar plot composed by using the
data that was gathered to generate the values in Table 3.6.

According to Ogston theory [59], a linear relationship should occur for such a
plot since the logarithm of mobility is approximately linearly proportional to the
length of a polymer molecule such as an SDS—denatured protein [9]. More specifi-
cally, Ogston theory states that mobility is a function of the probability that a spher-
ical particle will have no contact with rigid gel fibers. This in turn results in the
retardation coefficient, K (previously discussed in Section 3.2.1), as described by
Equation 3.13,

Kgr =pil'(r + R)? (3.13)

where !’ is the gel polymer length per unit volume, 7 is the radius of the polymer
fibers, and R is the radius of the migrating particle [60]. In the case of SDS—
denatured proteins, which are elongated, a spherical representation of the molecule
is defined by the radius of gyration of the protein [60]. According to Han [9],
when SDS—denatured proteins are treated as ideal polymers, the radius of gyration
is closely approximated by protein length, and thus their MW. Therefore, K is lin-
early related to the MW of SDS—denatured proteins [61], and because Equation 3.14
(previously discussed in Section 3.2.1) also notes a linear relationship between K
and log,, Ry,

logyg Ry = logio Yo — Kgr x %T (3.14)

a similar linear relationship can be drawn between MW and log,, Ry [9].

In the case of the separations performed on the BFPS ladder at fields between
230V /cm and 460V /cm, the linear behaviour is not observed, especially for larger
fields and larger proteins. Such observations were confirmed by the findings of Han.
Han attributed these mobility changes to possible conformational changes of the
protein—SDS complex at high electric fields [9]. Westerhuis’s in—depth assessment
of the migration of SDS—protein complexes in polyacrylamide gels showed that
proteins, especially those larger than 65kDa, do not conform solely to the Ogston
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Separation Electric Field | Gel Size Exclusion Gel Selectivity
Run Number Strength (V/cm) Limit (kDa) Factor (Da)
1 230 880 136
2 230 886 138
3 277 932 144
4 323 971 153
5 369 1019 168
6 415 1061 177
7 460 1214 207
8 460 1187 202
9 230 873 135

Table 3.6: Electric field strength altered the size exclusion limit and selectivity of
the gels. This data was gathered by performing a series of separations at progres-
sively higher separation field strengths. Upon returning to an electric field strength
of 230V /cm after conducting separations at higher field strengths (separation run
number nine), the size exclusion limit and selectivity values returned to the original
values.

theory [61]. Instead, they exhibit intermediate properties to those described by
Ogston and reptation theories. Reptation theory describes migrating particles as
snake-like, with migration occurring through defined ‘tubes’ in the gel. These mi-
grating particles are also oriented along the electric field. Reptation occurs when
pores in the gel approach a size in which they no longer permit free—migration of
a spherically shaped molecule. As a result, migrating particles are strung out and
progress ‘head—first’ through the gel matrix [60].

Because Westerhuis states that neither Ogston nor reptation models completely
describe the migration behaviour, the door is also opened to other models in which
protein mobility is also dependent on electrokinetic forces determined by electric
field strength. The door—corridor model discussed by Kozulic proposes that the
gel matrix is deformable (it is considered to be rigid in the Ogston and reptation
models). Regions of higher flexibility are termed as doors, while regions of lower
flexibility are termed corridors. The proportion of doors that are opened compared
to the proportion of corridors opened is a function of the ratio of electrokinetic force
to polymer resistance. As electrokinetic force increases, so too will the number of
doors opened in proportion to corridors [60]. As such, a small particle may not
experience much change in normalised mobility with an increase in electric field
strength because it opened a high proportion of doors even at low field strengths.
However at increased fields, a larger particle may experience a greater increase
in normalised mobility because of a larger change the door/corridor ratio. While
interesting, characterisation of this model with SDS—proteins has been minimal.

Table 3.7 contains the values for Ky for the rudimentary Ferguson plot analy-
sis conducted using %I = 6% and %T = 8% gels and the BFPS ladder. Al-
though the smaller proteins in the BFPS protein ladder adhered to typical Ferguson
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Figure 3.12: This plot illustrates the effect of the electric field on the migration
behaviour of BFPS proteins in a polyacrylamide gel. BFPS proteins were sepa-
rated at electric fields of 230V /cm, 277V /cm, 323V /cm, 369V /cm, 415V /cm,
and 460V /cm in consecutive separations beginning with the lowest field strength.
According to Ogston theory, a linear relationship should exist between MW and
the logarithm of the normalised mobility (1f) [S9]. One can see that at all of the
observed electric field strengths this is not the case, and as the electric field strength
increases, the relationship becomes less linear. The non-linearity is especially pro-
nounced for proteins having a greater MW. These findings indicate that a combi-
nation of Ogston and reptation mechanisms may have contributed to the migration
behaviour of these proteins.
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Molecular | Measured | Measured
Weight (kDa) Kg Yo
11 0.0164 0.978
21 0.0379 0.998
30 0.0460 0.980
40 0.0537 0.962
63 0.0631 0.916
98 0.0653 0.836
155 0.0581 0.699

Table 3.7: The Ky values obtained from analysing the separating the BFPS at
230V /cm. Detection for these separations was conducted at 10mm in %7 = 6%
and %T" = 8% polyacrylamide gels. As expected, values increase along with MW
for the smaller proteins (11, 21, 30, and 40kDa). However due to possible reptation
mechanisms [9, 61, 62], values of Ky cease to increase with MW when considering
the 63, 98, and 155kDa proteins. This data supports the Ferguson plot in Figure 3.13

plot findings for SDS-—-denature proteins, larger proteins in the ladder did not (see
Figure 3.13). The curves generated by the 63, 98, and 155kDa are nearly paral-
lel (equivalent Ky values for proteins of differing MW) to each other and their
y—intercept (Yp) does not approach 1. The research conducted into the effects of
electric field on protein mobility yielded some explanation as to this irregularity.
According to Westerhuis [61], the large proteins’ Ferguson plot curves may actu-
ally represent reptation behaviour. Because only two different gel concentrations
(%T') were used in the Ferguson plot analysis, conclusions about the migration be-
haviour of the proteins are hard to reach. Additionally, it is not known if a concave
Ferguson plot curve shape for larger proteins, as observed by Westerhuis, would
actually emerge if migration in lower concentration gels was assessed. Neverthe-
less, the combination of the electric field dependent normalised mobility and the
anomalous Ferguson plot curves indicate that the larger proteins in the ladder were
not strictly adhering to the Ogston theory of migration. Because of the anomalous
behaviour noted, Ferguson plot analysis could not be used for sizing the unknown
proteins in Chapter 4. It should also be noted that although Herr ef al. did observe
linear Ferguson plots with Y ~ 1 for similar separations [26], the proteins used to
produce these plots were all smaller than 40kDa.

3.3.3 Separation Efficiency and Resolution

Separation efficiency and resolution are two key metrics that are necessary for eval-
uating any electrophoretic separation. Based on subsets of data gathered on the
BFPS and BPL separations, some generic statistics have been compiled concern-
ing the resolution and efficiency of the SDS—PAGE based separations (see Ta-
bles 3.9, 3.11, and 3.10). For the purposes of comparison, Table 3.8 has been
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Ferguson Plot Analysis of BFPS Protein Ladder
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Figure 3.13: A Ferguson plot constructed from data gathered from separating the
BFPS at 230V /cm. Detection for these separations was conducted at 10mm in
%T = 6% and %T = 8% polyacrylamide gels. This plot illustrates that the larger
proteins (63, 98, and 155kDa) in the BFPS were not adhering strictly to Ogston
migration behaviour because their slopes (K 'z values) are nearly parallel and are not
proportional to MW and their Y; values are not equal to one [61]. The proteins that
seem to be obeying Ogston migration mechanisms (11, 21, 31, and 40kDa), have
K values that increase along with protein size and have Y close to one. According
to Westerhuis [61] and Guo [62], Ferguson plot curves would be parallel for SDS-
denatured proteins that are reptating through a matrix. Although separations in
more gel concentrations would be needed to reach conclusions about the mode of
large proteins’ migration behaviour at high electric field strengths, these results
serve to support the data presented in Figure 3.12 and indicate that protein migration
did not strictly adhere to the Ogston regime. In addition, the use of Ferguson plots
for the determination of retardation coefficient values may not be a valid exercise
in these gels due to the non—Ogston migration behaviours.
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Author | Number of MW Range N/m Additional
(Year) Proteins of Detected (10%) Notes
Detected  Proteins (kDa)
ooy |8 144-200  5600-9600  ‘OetHE
| L e e e
}(1;30%] 6 201-205 150 -400 -
Hgggjf] 5 6.5-39 400 -
Naéa(;g 5[;‘ 6] 3 215-166  38-620 -
Naé%gs[)l‘” 8 57-116  97-1350 -
Naéegg5[;17] 3 215-116  90-2300 _

Table 3.8: Examples of published microfluidic separations of SDS—~denatured pro-
teins separated in microfiuidic chips.

populated with data from other microfluidic SDS—denatured protein separations.

When looking at V/m values, separations of the BFPS ladder averaged approx-
imately 10°N/m in both the %T = 6% and %T = 8% gels (see Tables 3.9), while
separations of the BPL ladder averaged 3.4 x 10°N/m in %T = 6% gels. These
values are comparable or superior to many of the values noted by the publications
cited in Table 3.8. Only values reported by Bousse et al. are higher. In this case,
Bousse et al. attribute the increase in resolution to the use of non—covalent label-
ing techniques that reduce heterogeneous labeling, and thus peak broadening [44].
Bousse et al. claim that variable quantities of covalently attached fluorophores (i.e.
hetergeneous labeling) lead to peak broadening by creating a larger mass range
for a given protein species. This technique, in which dye molecules were incorpo-
rated into the separation buffer, also requires post—column dilution of SDS to permit
detection of the proteins. Background fluorescence caused by non—covalent attach-
ment of the dye to SDS micelles resulted in significant levels of background noise
in the absence of the SDS dilution step. Post—column SDS dilution was achieved
by applying an electrical current to channels that intersect on either side of the sep-
aration channel. This confines the SDS to the center of the channel where it was left
to diffuse within the post—column separation buffer. The diffusion takes place over
several hundred milliseconds and results in dilution of the SDS. With BPL separa-
tions, such a dilution step was unnecessary because ATTO-TAG FQ only fluoresces
when covalently bound to a primary amine.

In terms of resolution, it is more difficult to compare BFPS and BPL separation
results with published values. Only Herr et al. have published values for resolution
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Protein Size (kDa) | Mean N/m (10°) Mean N/m (10%)

(%T = 6%) (%T = 8%)
11 1484 + 60 1008 + 263
21 687 £ 111 1034 £ 239
30 200+ 11 681 + 199
40 297 + 29 882 £+ 220
63 456 + 58 663 + 158
98 577 £ 58 905 £+ 137
155 689 + 75 1721 £ 153

Table 3.9: Theoretical plate per meter values (mean =+ standard error) calculated
for two sets of separations of the BFPS ladder in different polyacrylamide gel con-
centrations. The separations in the %7 = 6% gel (n = 11) were conducted in a
single chip at electric field strengths of 230V /cm to 460V /cm. The separations in
the %T" = 8% gel (n = 6) were conducted in a single chip at electric field strengths
of 230V /cm and 460V /cm.

Protein Size (kDa) | Mean N/m (10%)

10 1135+ 92
15 742 4+ 128
20 49 + 17

25 208 = 19
30 297 + 48
40 85 4+ 59

50 426 + 32
60 118 + 28
70 61 £ 59

80 155 £ 40
90 277 + 28
100 84 + 81

120 215 £ 110
160 535 +£ 120
220 670 £ 229

Table 3.10: Theoretical plate per meter values (mean =+ standard error) calculated
for separations of the BPL ladder. The separations were conducted in a %T = 6%
gel (n = 32) in a single chip at electric field strengths of 230V /cm.
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Protein Size (kDa) | R, for %T = 6% R, for %T = 8%
11 1.98 4+ 0.08 247 £ 0.10
21 1.47 4 0.06 1.98 4+ 0.08
30 0.79 £+ 0.03 1.39 + 0.08
40 1.18 & 0.05 1.94 + 0.09
63 2.02 £ 0.10 273 £0.12
98 2.60 £ 0.16 2.64 £ 0.19
155 2.92 4 0.20 276 £ 0.25

Table 3.11: Resolution values (mean + standard error) for protein peaks from the
same data sets assessed in Table 3.9. Resolution values were calculated by aver-
aging the calculated resolution for each peak in relation to each of its two adjacent
peaks. The peaks for the 11kDa and 155kDa proteins only have one adjacent peak,
s0 no average value needs to be calculated. Peak bandwidth was calculated by re-
lating the full-width half maximum (At /5) to the base width (BW) of a Gaussian
curve. BW = 60, Aty /o = 2.350 [26], therefore, BW = 2.55At 5.

in microfluidic SDS—PAGE based separations [26]. For a separation of five pro-
teins, ranging in size from 6.5kDa to 39kDa, resolution values averaging 4.1 were
reported for detection at 4mm. While these values are greater than those shown for
the BFPS separations (detection at 10mm) in Table 3.11, there are a few key rea-
sons for this. First, Herr et al. treated the peak’s full-width half maximum (2.35¢)
as the peak bandwidth, whereas the values in Table 3.11 resulted from using a peak
bandwidth of six standard deviations (60) of the peak. Secondly, Herr et al. do not
calculate the resolution of adjacent protein peaks, but rather the resolution between
the second (14.2kDa) and fifth (39kDa) protein peaks. In order to perform a better
comparison, results from a BFPS separation (detection at 3mm) were assessed for
the resolution between the 11kDa and 40kDa protein peaks. When using the same
resolution formula as Herr et al., the resolution between these two peaks was found
to be approximately 11.8 4- 1.5 (mean + standard error, n = 6) in %T = 8% gels
(no BPL separations in %7 = 6% gels were performed with detection conducted at
3mm). This represents a nearly three—fold improvement in resolution beyond Herr
et al’s results.

Given that the separation systems were very similar, it is possible that the na-
ture of the detection instrumentation played a role in the resolution differences. A
confocal system was used in this work, while a CCD was used by Herr et al. [26].
However, with the modest number of details available on their system, it is diffi-
cult to compare performance. Beyond differences in detection equipment, it is also
possible that the more porous nature of the gels used in the AML actually played a
role. Herr et al. note that their %T" = 6% gels performed better than their %T = 8%
gels (R, = 4.6 versus R, = 3.6 respectively), and attribute this to less band broad-
ening resulting from of the lower sieving power of the %T = 6% gels [26]. In
observations made in the AML, a reduction in gel pore size typically improved res-
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olution (see Table 3.11). Only the resolution of the largest protein’s (155kDa) peak
experienced an insignificant reduction. Another possibility includes the presence
of increased Joule heating due to the higher electric fields employed by Herr et
al.. This, however, is also unlikely because they found that they had poorer sep-
aration performance with electric field strengths comparable to those used in this
work. They also used microfluidic channels with very similar dimensions, meaning
that differences in heat transfer away from the channel would be relatively similar.
Beyond this, it is difficult to speculate what differences may have led to this im-
provement in performance. The effects of differences in running buffers and other
operating parameters are difficult to quantify without direct experimental results.

Although comparisons on the effects of Joule heating and electric field strength
are difficult to conduct when referencing others’ work, an evaluation of these op-
erating parameters was possible with the data gathered in BFPS separations. In
particular, Van Deemter plots proved to be useful tools in evaluating the detected
protein peaks. Traditionally used in applications of chromatography, Van Deemter
plots can also be used to describe the dependency of theoretical plate height on
migration velocity in electrophoresis [63]. Plate height (H) is easily calculated
by dividing the detection distance by the theoretical number of plates (see Equa-
tion 3.6). These plots also attempt to quantify the effects of different causes of peak
broadening, also known as band broadening or dispersion. As previously noted in
Section 3.1.4, plate height is a reflection of band dispersion, also known as vari-
ance (o). A larger plate height indicates greater dispersion. Characteristically, there
are four main contributors to band dispersion in capillary electrophoresis described
the Van Deemter equation (see Equation 3.15). These are injection parameters (i.e.
initial plug width) (A), longitudinal diffusion (B), analyte adsorption (C;), and
temperature (C>) [63, 64]. When combined with the migration velocity (v) of the
analyte, the Van Deemter equation [63] is:

B
H=A+;+(01+02)’U (3.15)

The A term, is largely governed by the initial plug width, which in the case of the
separations conducted in this work is defined by the approximate width of the injec-
tion channel. As one would expect, analytes migrating at a slower velocity will be
more susceptible to longitudinal diffusion (B), which increases with time [64]. On
the other hand, analytes migrating at higher velocities are more susceptible to band
broadening due to analyte adsorption to channel surfaces. This is reflected in the
C} term. Compared to slower moving analytes, the impact of the duration of ana-
lyte adsorption and desorption processes is proportionally larger when analytes are
moving quickly [63]. Higher analyte velocity is often achieved by increasing the
electric field strength, and thus, the susceptibility of the channel to Joule heating.
Joule heating causes radial temperature gradients to form in the channel as cooling
at the surface of the capillary counteracts the Joule heating of the material within
the capillary [65]. The temperature distribution typically takes on a parabolic shape
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Characteristic Van Deemter Plot

Optimal Migration
» Velocity
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Figure 3.14: This plot is an example of a characteristic Van Deemter plot and was
created using artificial data for the purpose of demonstration. Plate height, as a
function of migration velocity (v), is dependent on injection parameters (A), longi-
tudinal diffusion (B), analyte adsorption (C}), and temperature (C>) [63, 66]. When
incorporated into the Van Deemter equation, the following curve (H) emerges.

with the coolest temperatures being along the capillary wall. Temperature influ-
ences electrophoretic mobility and results in a radial distribution of mobility along
the temperature gradient [64]. This is reflected in the C; term. Equation 3.15 re-
sults in the characteristic curve seen in Figure 3.14. The minimum of the curve
(minimum plate height) indicates the optimal migration velocity, since this point
represents the best separation efficiency.

Data on the BFPS separations conducted at different electric field strengths per-
mitted Van Deemter plot analysis of the SDS-PAGE protein separations. The Van
Deemter plots for the BFPS separations in Figure 3.15 were constructed from five
consecutive separations conducted at electric field strengths between 230V /cm and
415V /em. As Figure 3.15 illustrates, the Van Deemter plots for all of the proteins
are reasonably flat. This indicates that the band broadening contributions of Joule
heating (C) and adsorption of analytes to the wall (C) are relatively non—existent.
It is believed that Joule heating was minimised because of the efficient cooling af-
forded by the microfluidic channels’ high surface area—to—volume ratio. Analyte
wall-adsorption was reduced by the permanent LPA coating applied to the channel
walls. Adsorption of analytes to capillary walls has been shown to significantly
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Van Deemter Plots of BFPS Separations
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Figure 3.15: These plots demonstrate the effect of electric field strength (i.e. mi-
gration velocity (v)) on separation efficiency. The separations (n = 5) were con-
ducted consecutively at electric field strengths of 230V /cm, 276V /cm, 322V /cm,
368V /cm, and 415V /cm. Detection of the proteins was carried out at a distance
of 10mm. As the curves demonstrate, longitudinal diffusion is minimised (slight
negative slope in curves at v < 0.4mm/s), and Joule heating and analyte wall—
adsorption are kept to a minimum (flat curves at v > 0.4mm/ s). It is unknown
what the effects of using electric fields outside of the 230-415V /cm range would
be. Further experimentation would be required to see if Joule heating would have
a greater effect at higher fields and if longitudinal diffusion would be more pro-
nounced at lower fields.

affect plate height [63], so it is expected that the analyte—wall interactions in the
separations presented in this work are suppressed to a point such that they did not
adversely affect separation efficiency. The relatively flat plots also indicate that
longitudinal diffusion (B) had a small effect at these electric field strengths. It is
only visible as a slight slope in the plots at migration velocities below 0.4mm/s.
Palonen et al. state that if migration velocity is high enough, longitudinal diffusion
becomes negligible and plate height becomes largely dependent on injection plug
length [63].

Although the performance of the BFPS and BPL separations was on par with
published results, an increase in the baseline fluorescence level between peaks was
a problem encountered with both ladders. It had a particularly negative impact
on the resolution and separation efficiency of smaller peaks and peaks located in
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close proximity to more dominant peaks in the BPL separations (see Figure 3.9).
The presence of an excess of labeling reagents was initially investigated as a cause,
however this was largely discounted for numerous reasons. First of all, unbound
(i.e. excess) ATTO-TAG fluorophores do not fluoresce. Although the fluorescence
enhancement of bound versus unbound ATTO-TAG FQ has not been quantified in
published works discussing development of the fluorophore [54], subsequent points
show that this was not likely a factor. Secondly, separations incorporating reduced
labeling reagent concentrations produced inconclusive results. Also, the presence
of a free-label peak meant that the majority of fluorescent ATTO-TAG fluorophores
attached to buffer amines arrived before the protein peaks. Finally, BFPS separa-
tions (labeled by the supplier using an optimised protocol) exhibited similar issues.

Because of these findings, another possibility was explored. When a series of
separations was conducted, a rise in baseline fluorescence was most present in the
intermediate separations during the series. This will be further addressed in Sec-
tion 3.3.4, but in general, the total protein concentration present in the injection
channel varied over a series of consecutive injections and separations. From this, it
was determined that excess protein available for injection into the separation chan-
nel resulted in constructive interference amongst peaks which decreased the sepa-
ration performance.

3.3.4 Sensitivity and Limits of Detection

Although no direct measurement of the system’s sensitivity or limit of detection
(LLOD) were conducted, extrapolations of existing data and the availability of data
from similar applications provided a reasonable estimate of the system’s potential.
Actual values were not pursued because the nature of the applications this work is
concerned with (see Chapter 4) do not require the detection of proteins at concen-
trations approaching the projected detection limits of the system.

By using peak amplitude as a estimation of relative protein concentration and
calculating the signal-to-noise ratio (using Equation 3.9) of peaks in electrophero-
grams, estimates of the system’s LOD could be attained. The LOD was defined by
a critical signal-to—noise ratio of three [26]. Because separations of ‘real-world’
proteins in Chapter 4 used ATTO-TAG FQ as a fluorescent label, only LOD values
for the BPL separations were estimated. Based on data gathered from a series of
BPL separations, the curve in Figure 3.16 was established. Estimated concentra-
tions for the system’s LOD (mean =+ standard error) range from 22 - 3nM for the
10kDa protein to 515 + 78pM for the 220kDa protein. Other data presented in
Chapter 4 exhibits similar values.

Keeping in mind that these figures are only estimates, it is also crucial to take
into account the optical inefficiencies in the excitation and detection of the ATTO-
TAG FQ fluorophores with the Micralyne uTk. Based on data from the ATTO-TAG
FQ excitation and emission spectra (see Figure 3.5), it is estimated that excitation
efficiency was approximately 37%, while only 8.5% of emitted light was detected.
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Estimated Limit of Detection for ATTO-TAG FQ Labeled Proteins
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Figure 3.16: These estimates of the system’s limit of detection are based on data
gathered from ten consecutive (n = 10) separations of the on—chip ATTO-TAG
FQ labeled BPL performed on a single chip. The error bars represent the standard
error. Baseline noise was sampled over a ten second separation period prior to the
arrival of the free-label peak. This data was used to determine the values needed
for the SNR calculation. Estimates for a limit of detection with improvements made
to the optical system are based on knowledge of inefficiencies in the excitation
and detection of ATTO-TAG FQ fluorophores. It is estimated that the combined
excitation and detection efficiency of the current Micralyne u Tk is only 3%, due to
mismatches in excitation wavelength and fluorescence emission filtering.
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Excitation efficiency was calculated by comparing the relative intensity of the
excitation spectrum at 532nm and 489nm. Detection efficiency was calculated by
comparing the area under the emission curve for a notch filter between 563 and
573nm with the total area under the emission curve. This method of calculating
optical efficiency is believed to be adequate for the purposes of this thesis, because
in many cases the excitation spectrum of a fluorophore is similar to its adsorption
spectrum [67]. Under these circumstances, the emission spectrum is said to be
independent of the excitation wavelength [68] and the intensity of the emission
spectrum is proportional to the excitation efficiency [69]. Thus, by multiplying the
excitation and detection efficiencies, an approximate overall efficiency of 3% was
obtained.

Optimising the excitation wavelength could result in a nearly three—fold im-
provement in signal levels, while better matching of the detection filters may result
in a signal improvement of approximately ten—fold. Therefore, an ideal increase
of approximately thirty—fold in the signal-to-noise ratio may be possible with bet-
ter matching of the optical system to the ATTO-TAG FQ fluorophore. It is pos-
sible that these improvements may also lead to higher noise levels, but because
unbound ATTO-TAG FQ fluorophores do not fluoresce, this increase would gov-
erned by the limited number of fluorophores bound to Tris in the separation buffer.
While the LOD claims are not confirmed in this work, comparable limits of de-
tection (70-290pM) have been achieved with SDS—denatured proteins labeled with
ATTO-TAG FQ in a capillary electrophoresis separation [55].

Separations of SDS—denatured proteins in microfluidics have yielded similar
estimates of detection limits, albeit with the use of extra sample processing or off—
chip preparation. Bousse et al. attained a limit of detection of 30nM using SYPRO
Orange as a fluorescent label. However, this separation required on—chip dilution
of SDS to reduce the background noise caused by fluorophores bound to SDS mi-
celles [44]. Hatch et al. attained an extremely low detection limit of 50fM, but
this required an on—chip sample pre-concentration (10,000x) step lasting a total of
thirty minutes. The simplicity of the method demonstrated in this work, coupled
with the estimated limit of detection (even without optical system improvements),
places it among state—of—the—art techniques (see Figure 3.17).

The main contributors to SNR variability are inherently changes that occur to
the baseline noise and protein peak amplitude over time. Figures 3.18 and 3.19
show the changes in baseline noise levels and peak signal over a series consecutive
separations. Noise is seen to increase over the series of separations and is most
likely due to residual fluorophores labeling running buffer and contaminating the
separation channel. As noted in the SDS-PAGE protocol (see Section 3.2.2), the
baseline fluorescence level could be restored after a series of separations by elec-
trophoretically flushing the channels with fresh running buffer. Peak signal, on the
other hand, has a more bell-shaped curve over a series of separations. If peak signal
is once again taken as a measure of protein concentration, then Figure 3.19 shows
that the protein concentration at in the injection channel increases to a maximum

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Estimated Limit of Detection for ATTO-TAG FQ Labeled Proteins
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Figure 3.17: This plot provides a comparison of the limit of detection values pub-
lished for microfluidic separations of SDS denatured proteins separated in microflu-

idic chips [14, 26, 44, 45] with the projected optimal limit of detection for the sys-
tem used in this work (see Figure 3.16).
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Figure 3.18: This plot illustrates the changes that occurred in the baseline fluores-
cence level (noise level) over a series of thirty—two separations of the BPL. The
electric field strength used for these separations was 230V /cm and detection was
conducted at 10mm. Three separate sample loads were conducted during these
separations, and the first separation from each load is circled. As one can see, the
electrophoretic flushing between loads permits extended reuse of the chip by low-
ering the noise level back to original values. The error bars indicate the standard
deviation of the noise, which is used in the SNR calculation
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Protein Peak Signal Over a Series of Consecutive Separations
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Figure 3.19: The plot illustrates the protein peak signal amplitudes of a few pro-
teins in the BPL ladder over the course of ten consecutive separations. Injection
duration for each separation was ten seconds at 215V /cm. Separations were con-
ducted at 460V /cm, and detection was performed at 10mm. It demonstrates that
the amplitudes of the peaks of each protein generally increase and decrease in a
relatively proportionate fashion. This likely represents a gradual increase in protein
concentration in the injection channel over time, followed by a gradual decrease.
Refilling the sample well with new sample permitted signal levels to increase once
again, indicating that a reduction in the amount of sample available for injection
was likely the cause for the decrease. The average peak amplitude was obtained by
surveying the amplitude of all the peaks in the BPL ladder over the course of the
same ten separations. If peak amplitude is used as a measure of the protein con-
centration in the separation channel, the maximum concentration was present in the
sixth separation.
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Protein Size (kDa) ‘ Mean Normalised Signal

10 0.034 + 0.002
15 0.027 £ 0.002
20 0.043 + 0.002
25 0.077 £ 0.003
30 0.058 £ 0.003
40 0.039 £ 0.002
50 0.192 £ 0.007
60 0.085 £ 0.003
70 0.050 £ 0.002
80 0.104 £+ 0.004
90 0.134 £ 0.005
100 0.057 £ 0.002
120 0.055 £ 0.002
160 0.070 £ 0.004
220 0.058 £ 0.004

Table 3.12: If data is gathered over a series of separations, a characteristic protein
peak amplitude curve is obtained for each protein. When peak signal is taken as a
measure of protein concentration, it is clear that over the course of several separa-
tions the protein concentration available for separation gradually increases, reaches
a peak, and subsequently decreases (see Figure 3.19). As such, if the protein peak
signal is normalised to the sum of the peak signals (a rudimentary indicator of total
protein concentration) in the separation in which the protein is detected, the re-
peatability of peak signal is fairly good. The above table gives the statistics (mean
=+ standard error) for a series of thirty—two (n = 32) separations of the BPL ladder
performed in a single chip. The average RSD of all of the peak signals was 26.5%.
Three separate sample loads were conducted during these thirty—two separations.

value, then subsequently decreases. Consequently, determining the repeatability of
peak signal is only useful if it is normalised to the total protein concentration (ap-
proximated by the sum of the protein peak signals) available for injection into the
separation channel. Table 3.12 shows that standard error values for the protein am-
plitudes normalised to the estimated total protein concentration are on average less
than £5%.

3.3.5 Gel Quality and Durability

One of the key advantages of using a cross-linked polyacrylamide gel as a sieving
matrix in microfluidic channels is the ability to reuse the gel multiple times. To the
best of our knowledge, little data has been published on the durability and stability
of such gels, with only Herr ef al. briefly mentioning that approximately 500 sep-
arations had been performed on a single chip. While none of the gels discussed in
this work were reused to that extent, many gels were ‘retired’ after logging hours
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Gel Concentration (%) 6 8 10 [ Overall

% Gels that Produced Successful Separations (%) | 63 50 O 52
% Gels that had Current Instability (%) 31 40 67 38
% Gels that Experienced Poor Performance* (%) | 6 10 33 10

Table 3.13: This table shows the proportion of successfully polymerised gels that

were used successfully and the proportion of gels that exhibited gel failure or poor

gel performance. Of the chips that performed poorly, no overwhelming mode of

failure or deficiency was observed. Typically these gels suffered from poor reso-

lution and/or poor sensitivity, neither of which could be attributed to any visually

apparent flaws or deficiencies in operating parameters such as injection or separa-
- tion current.

of separation time even though they had not failed. In many cases, gels were retired
in favour of conducting new experiments. Previous discussions have shown that re-
peatability in the gels over time was good and on par with other state—of-the—art ap-
plications. Because chips were regularly cleaned and new gels were polymerised in
the channels, no long—term (greater than one month) studies of performance stabil-
ity or maximum storage lifetime were conducted. In addition, gels were not stored
for periods longer than one month to ensure that buffer freshness was preserved.
The discussion presented in preceding sections generally involved data gathered on
individual gels or batches of gels from experiments conducted over the course of a
week to two weeks. As such, the following section discusses troubleshooting issues
encountered during those time frames.

As previously discussed, the successful polymerisation yield for polyacrylamide
gels was approximately 52% (see Chapter 2). Out of the gels that were successfully
polymerised, approximately 52% performed well during separations, leading to an
overall yield (percentage of chips used in successful separations) of approximately
27%. Table 3.13 summarises the modes of failure for gels that were successfully
polymerised.

As Table 3.13 shows, the majority of gel failures occurred due to some presence
of current instability. Current instability came in two forms; catastrophic failure,
and gradual current degradation. The former was relatively easy to characterise,
as it presented itself as an abrupt decrease in current due the formation of voids
(complete mechanical failure) in the channel during the application of an electric
field. The voids were similar in appearance to those discussed in Chapter 2, but
were typically more elongated and were oriented along the direction of the electric
field. Figure 3.20 shows an image of one of the voids formed during the application
of an electric field.

While this mode of failure was present in gels that had high numbers of success-
ful separations (hours of applied electric fields between 140V /cm and 460V /cm),
some gels seemed particularly prone to this type of failure (i.e. failure within minutes
of applying an electric field). It is believed that this may have been due to in-
complete polymerisation (mechanical weakness) or the aging of polymerisation

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.20: An image of a void that formed in a %T = 6% polyacrylamide gel
during the application of an 230V /cm electric field. These voids were similar in
appearance to those that formed during gel polymerisation (see Figure 2.9), but
typically had a more elongated shape that was oriented along the direction of the
electric field.
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reagents. Reagent aging and degradation may have also contributed to the pres-
ence of the incomplete polymerisation. Herr et al. noted that gels that were not
completely polymerised often experienced ‘tearing’ when they were subjected to
an electric field [26]. Because characterisation of these effects was not pursued, the
exact mechanisms contributing to catastrophic gel failures are unknown. Coinci-
dentally, these gels were often prepared in the same batch as gels that were more
prone to the second mode of current instability.

Gradual current degradation was also relatively easy to characterise, as it mani-
fested itself as a reduction in injection and/or separation current over the course of
one to several separations. Figure 3.21 compares current levels in ‘good’ gels with
current levels in gels experiencing current degradation. While there was variability
amongst current levels in different ‘good’ gels (e.g. separation currents ranged be-
tween 12pA to 20pA at 230V /cm), current stability over multiple separations was
present.

The initial hypothesis for the current degradation centered on buffer age or con-
tamination. In order to test this hypothesis, new stock solutions of buffer were
obtained and tested in the gels that had exhibited current degradation. The new
buffer did not improve current stability. New gels were then polymerised with the
new buffer and tested for current stability. Once again, currents continued to ex-
hibit degradation over time. After extensive troubleshooting, new gel reagents were
ordered (acrylamide and bis—acrylamide) as a last resort. Gels produced using the
new buffer and gel reagents demonstrated stable currents, similar to the currents of
the good quality gel seen in Figure 3.21. These results revised the hypothesis, and
placed the focus for the cause of current degradation on aging of the acrylamide and
bis—acrylamide reagents. As mentioned in Chapter 2, old gel reagents seemed to
contribute to reduced polymerisation yield, so it was not considered unreasonable
to believe aging solutions could have other effects on gel characteristics and separa-
tion performance. Unfortunately, research discussing this phenomenon is relatively
rare and generally limited to periods during the early development of capillary elec-
trophoresis techniques.

Among literature found covering this phenomenon, the observed development
of an ionic—depletion region at the gel-buffer interface at the end of the capillary
was often cited as a primary cause for gradual current decline during electrophore-
sis [70-73]. The development of an ionic—depletion region is attributed to an imbal-
ance in transference number at the gel-buffer interface [73]. Transference number
is the fraction of total current carried by a type of ion in an electrolytic system [74].
An ionic depletion region forms due a discontinuity of the transference number
caused by the change in the resistance to flow at the gel-buffer interface. This re-
sults in a change in the ionic concentration at the interface, and if the conditions
are right, the formation of a depletion region follows [73]. The development of the
depletion region, leading to an increase in the resistivity of the capillary, has been
attributed to both sample-induced and sample—independent effects. Since current
degradation was still present in the absence of any sample, sample-induced effects
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Figure 3.21: The plot shows the separation currents for two gels in 4—Port Mini
chips with separation field strengths of 230V /cm. Each gel attempted a separation
of the BPL in a sodium borate sample buffer with 1XNGB used as the running
buffer. The good quality gel produced a stable current that decrease very little over
the course of the 150s separation. On the other hand, the poor quality gel produced
a current that was unstable and gradually degraded over time. This problem was not
confined to the separation channel, but current degradation in the injection channel
was difficult to detect over the typically short injection periods (e.g. 10-20s). If
injection times were lengthened, the same degradation of current was observed in
the injection channel at similar electric field strengths (215V /cm). No visible signs
of gel failure, such as void formation, were present.
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were ruled out. Sample-independent causes in the cited works included the for-
mation of microscopic bubbles at the interface [70], polymer age, and buffer com-
position [73]. Unfortunately, Figey et al’s study on polymer age did not address
the age of polymer reagents, but rather the age of the polymer (LPA) once it had
been polymerised. That being said, they did attribute differences in the formation
of the depletion region to molecular degradation of the polymer itself [73]. Because
these effects were not the focus of this work and were primarily viewed as a bar-
rier to future development of the technique, the causes for the current anomalies
were not explored further. While polymer reagent age did seem to play a role in the
current instabilities, further characterisation of the instability and the underlying
mechanisms would be required to develop links with well-established phenomena.
Because of a lack of available literature, the effect of SDS on this phenomenon is
not known at this time.

3.4 Conclusions

Based on the discussion in this chapter, it is clear that extensive development and
characterisation of the SDS—PAGE protein separations were achieved. The perfor-
mance of these separations is on par with the state—of~the—art or exceeds it in many
areas. It was shown that the molecular weight curves were highly linear, the separa-
tion efficiency and resolution were representative of state—of—the—art performance,
and the system’s limit of detection was equally impressive. The novel and simple
on—chip protein labeling procedure also expands the applicability of the techniques
discussed in this chapter. Characterisation of protein migration mechanisms and
polyacrylamide gel characteristics will also aid in future application of these tech-
niques. Finally, the characterisation of protein migration behaviours and separation
efficiency performance (i.e. Van Deemter analysis) provided insight to phenomena
that are not often noted in published literature. Together, these developments repre-
sent a clear advance in the knowledge required to use these techniques effectively.
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Chapter 4

Salivary Proteome Profiling on a
Microfluidic Chip Using SDS-PAGE

The work in this chapter contains an adaptation of a manuscript in preparation. The
discussion contained within this chapter revisits and cites some of the concepts and
data discussed in Chapter 3. This is done to maintain the flow of the discussion and
support any new data that is introduced.

4.1 Introduction

Developing an understanding of the protein content of any living system is para-
mount to understanding its function and pathology [1, 2]. The field of proteomics,
defined as large—scale analysis of the protein constituents of a living system, has
great promise for better understanding of genetic function and biological systems
in general [3]. Applying proteomics to the determination and profiling of disease
biomarkers is another promising area of research that has far reaching implica-
tions. Traditional approaches, such as 2—-dimensional gel electrophoresis followed
by mass spectroscopy, are typically limited in such applications due to their high
cost and requirement for larger sample quantities [1, 2, 4]. However, the minia-
turisation of gel electrophoresis, through the use of microfluidics, has potential to
greatly improve the analysis speed of such techniques and also reduce the amount
of sample necessary for meaningful analysis [5].

As a diagnostic biofluid, saliva is particularly appealing because it does not
require invasive sample collection [6-8]. Saliva also has the potential to not only
provide information on oral diseases such as periodontitis, but systemic disease as
well [7, 9]. Systemic diseases such as Sjogren’s syndrome [10, 11], rheumatoid
arthritis [11], cystic fibrosis [12], and cardiovascular disease [13] are all known to
have links to the salivary proteome. Of particular interest in this study are Sjogren’s
syndrome [14, 15] and rheumatoid arthritis [16], which are known to have effects on
the concentrations of abundant salivary proteins such as lactoferrin and a—amylase.
It is also believed that the analysis of whole saliva by SDS-PAGE, the focus of
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this study, may provide valuable information on the salivary profiles of connective
tissue disorders in general [11].

In spite of all this promise, the proteomic analysis of saliva, and other biofluids
for that matter, presents many technical challenges for analytical systems. First of
all, the sheer diversity and number of proteins in these fluids greatly exceeds the
separation and detection capabilities of traditional analytical methods [17]. Even
multidimensional analytical techniques do not have the selectivity to distinguish
all of the unique species in a given sample [18]. Additionally, the wide dynamic
range of the concentrations of protein species means that in many cases, only the
more abundant proteins in a given sample will be detected [17, 19, 20]. When high
levels of sensitivity are attainable, comprehensive proteomic analysis renders the
sensitivity irrelevant due to the masking influence of more abundant analytes [18].
Consequently, quantifying the entire proteome of a system with a single sample and
single analysis methodology is difficult and not feasible with microfluidic analytical
techniques available at the present time [21].

Traditionally, analysis of the salivary proteome is conducted with 2—-dimensional
gel electrophoresis or liquid chromatography in conjunction with mass spectroscopy
[17, 22-24]. Such analyses can separate and identify large numbers of unique pro-
teins with the use of affinity depletion of abundant salivary proteins such as amylase
and immunoglobins [9]. Affinity depletion of abundant proteins eases detection of
less abundant species by reducing masking effects [20, 24]. Despite their ability to
identify many components of the saliva proteome, traditional techniques are expen-
sive and lack complete automation.

Proteomic analysis in microfluidics is still in its infancy. Microfluidics were
pioneered by Manz et al. in the early 1990’s [25], and have since been applied
to a wide array of biological analysis applications. The separation and analysis
of the proteome has seen increasing interest as the post-genomic era has evolved,
and with it an increasing abundance of protein analysis performed in capillary or
microfluidic-based systems. To date, protein analysis in microfluidic platforms has
worked its way toward lab—on—a—chip functionality by devising on—chip methods
for sample pre—concentration [26-28], high—throughput separation (5, 27, 29-32],
fluorescent labeling of proteins [29, 32], and interfacing mass spectroscopy with mi-
crofluidics [33-35]. In general, these systems aim to increase analysis throughput,
reduce sample and reagent quantity requirements, increase sensitivity and perfor-
mance, and reduce instrument cost.

While the development of various individual microfluidic components needed
for proteomic analysis is quite prevalent, analyses involving complex samples yield-
ing proteomic profiles are rare [20]. A recent example of proteomic profiling of
urine samples was published by Thongboonkerd et al. [36}, in which attempts were
made to identify profile differences between healthy individuals, patients with dia-
betic nephropathy, and patients with IgA nephropathy. Using a microfluidic SDS—
based separation technique, the study was able to differentiate between healthy and
diseased samples on the basis of the measured molecular weight of protein peaks
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and peak amplitude. Although no data was given for protein identity or absolute
concentration, this study demonstrated that a protein profile was useful in differ-
entiating between diseased and healthy subjects. Another example of microflu-
idic proteomic profiling involved Hellmich et al. demonstrating single cell protein
analysis with on—chip cell lysing [37]. While analysis of the electropherograms
obtained from the single cell lysates was not extensive, a total of ten peaks were
detected. Using techniques similar to those used in this paper, traditional capillary
electrophoresis has also been shown to be effective in generating protein profiles
from single human cancer cells [38-41].

To date, published work on microfluidic analyses of saliva have only involved
assays that are targeted at single protein species [13, 42, 43]. Using a modified im-
munoassay, Christodoulides et al. demonstrated the detection of clinically relevant
levels (~5-11,500 pg/mL) of C—reactive protein (CRP) [13]. In another applica-
tion of microfluidic salivary immunoassays, Hetr et al. detected metalloproteinase—
8 (MMP-8) via an enzyme-linked immunosorbent assay (ELISA) modified for im-
plementation on a microfluidic chip [42]. Both of the proteins targeted in these
salivary protein analyses are biomarkers related to periodontal disease. While such
techniques are useful in targeted diagnostics using known biomarkers, the analysis
of a single biomarker lacks the throughput necessary to determine important in-
teractions within the biological system [44]. Such techniques may require multiple
tests to elucidate information on several biomarkers of interest within the biological
system under examination. Developing the capability to assess multiple biomarkers
simultaneously is critical because combining information from multiple biomarkers
may increase the sensitivity and specificity of analytical applications such as human
cancer detection [9]. Microfluidic proteomic profiling could reduce the need for
multiple analyses by examining several biomarkers simultaneously, while also alle-
viating the throughput issues plaguing more traditional techniques. Such techniques
also cannot provide pre—screening or biomarker identification functionality.

The following discussion will address preliminary work on a simple microflu-
idic system capable of separating and detecting proteins from unstimulated whole
saliva in a matter of minutes with minimal sample preparation. To the best of our
knowledge, this is the first example of the separation and detection of multiple pro-
teins in unstimulated whole saliva via sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on a microfluidic chip. While we do not claim that
the performance of the system is on par with that of advanced multidimensional
analytical techniques, it is a first step towards profiling the salivary proteome in mi-
crofluidics and developing clinical diagnostic techniques. The primary objective of
the current and future development of the system is to establish a profile of salivary
proteins that may be used in proteomic type analyses.
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4.2 Experimental Section

4.2.1 Chemicals and Samples

Solutions of 40% acrylamide/N,N’—methylene-bisacrylamide (37.5:1), 92% 3—(Tri-
methoxysilyl) propyl acrylate, 10% sodium dodecyl sulfate (SDS) solution, glacial
acetic acid, N,N,N’,N'-Tetramethylethylenediamine (TEMED), potassium persul-
fate, 2—-mercaptoethanol, and potassium cyanide (KCN) were obtained from Sigma-—
Aldrich (St. Louis, MO, USA). 2,2'-azobis[2-methyl-N—(2-hydroxyethyl) pro-
pionamide] (VA-086) Azo-Initiator was purchased from Wako Chemicals (Rich-
mond, VA, USA). Benchmark™ Fluorescent Protein Standard (BFPS) labeled with
Alexa Fluor 488, Benchmark™ Protein Ladder (BPL), and ATTO-TAG FQ were
obtained from Invitrogen (Carlsbad, CA, USA). NEXT GEL Running Buffer in a
20X stock solution was obtained from Cedarlane Laboratories (Burlington, ON,
CAN), and sodium tetraborate decahydrate was obtained from Fisher Scientific
(Waltham, MA, USA). The chemicals used to prepare chips for SDS-PAGE sepa-
rations were selected based on chip preparation methods published by Han [5] and
Herr [30].

4.2.2 Microchip Fabrication

Microchips were fabricated in borosilicate glass substrates at the University of Al-
berta NanoFab (Edmonton, AB, CAN) using well-established glass microfabri-
cation techniques similar to those that have been previously described [45]. The
microfluidic channel pattern and well layout were photolithographically defined
before the substrates were wet etched to create the microfluidic channels. After
etching, the channels had an approximately semi-circular cross—section and were
46um deep and 102um wide. A cover plate, also made of borosilicate glass, was
drilled with a water—jet to create well holes. Both the device substrate and the cover
plate were cleaned, bonded together, and then thermally annealed. Each substrate
yielded 24 chips measuring 16mm in width, 24mm in length, and 2.2mm in thick-
ness. Figure 2.1 contains an illustration of the microchip’s channel and well layout
while Figure 4.1 contains a photograph of the microchip. The total length of the
separation channel is 21.7mm, but the effective separation distance (as measured
from the intersection to the curve near the end of the separation channel) is 13mm.
The injection channel is 16.3mm long. Wells are 2mm in diameter and capable of
holding approximately 3uL of liquid.

4.2.3 Chip Preparation

New chips were rinsed extensively with Milli-Q water (Billerica, MA, USA) to
flush out any remnants of the fabrication process. In order to prevent protein ad-
sorption, the channels were permanently coated using a method similar to the one
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Figure 4.1: An image of a 4-Port Mini microfluidic chip.

pioneered by Hjerten [46]. Initially, channels were filled with 1M NaOH and al-
lowed to sit for ten minutes. Chips were then flushed extensively with Milli-Q
water and were dried using successive application of a vacuum and pressurised
N,. Following this, a 5.75mM acetic acid solution (pH ~3.5) containing 0.4% v/v
3—(Trimethoxysilyl)propyl acrylate was injected into the channels to functionalise
the glass surface and allow for covalent attachment of in—situ polymerised linear
polyacrylamide (LPA) molecules. After one-hour in the channels, the acetic acid
solution was vacuumed out. The channels were subsequently rinsed with Milli-Q
water and dried extensively by applying a vacuum followed by pressurised N,. Fol-
lowing this, the channels were permanently coated using in—situ polymerised LPA.
The mixture used for coating the channels was an aqueous solution containing 4%
acrylamide monomer and 0.1% w/v potassium persulfate. This solution was soni-
cated for 10 minutes prior to adding TEMED to a final concentration of 0.1% v/v.
After adding TEMED, the solution was pipetted into the chip wells and allowed to
fill the channels via capillary forces. Thirty minutes later, the viscous LPA solution
was vacuum evacuated and excess LPA still remaining in the channel was rinsed out
with water. Chips were then stored submerged in Milli-Q water at approximately
4°C.

Following the above permanent surface modification, the channels were then
filled with the precursor solution necessary for creating a cross—linked polyacry-
lamide matrix in the channels. This precursor solution consisted of %T = 6% or
%T = 8% acrylamide/bisacrylamide solution, with a monomer to cross—linker ra-
tio of 37.5:1 in 1X NEXT GEL Running Buffer. The UV activated polymerisation
catalyst, VA-086, was added to achieve a final catalyst concentration of 0.5% w/v.
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Methods similar to those used by Han and Singh [5], and Herr [30] were used to
photopolymerise the gel using a mercury UV lamp (Part No. 88-9213-02, BHK
Inc., Claremont, CA, USA). Intensity measurements of the lamp at three differ-
ent wavelengths (thirty minute lamp warm-up time), 254nm, 365nm, and 400nm,
yielded values of 1.64mW /cm?, 15.7mW /cm?, and 4.5mW /cm? respectively. The
solution was sonicated for thirty minutes prior to being injected via capillary forces
into the channels.

After allowing the lamp to warm—up for thirty minutes, UV exposure was con-
ducted at a distance of approximately 3cm from the UV lamp. Measurements con-
ducted at three different wavelengths (thirty minute lamp warm—up time), 254nm,
365nm, and 400nm, yielded intensity values of 1.64mW/ cm?, 15.7mW / cm?, and
4.5mW /cm? respectively. The initial exposure lasted 8 minutes after which the
chips were examined for gel defects. Polymerisation of the gel was usually com-
plete after the first exposure, but subsequent exposures were used to ensure com-
plete polymerisation [30]. Before further exposures, the chip’s wells were topped
up with gel precursor solution to ensure the wells did not dry out. Following the
final UV exposure, gels were again inspected under a microscope and then stored
in 1X NEXT GEL Running Buffer in the refrigerator. Unlike others who have used
similar gel polymerisation techniques [5, 27, 30, 47], the gel was polymerised in
all of the chip’s channels and not photo—patterned to only fill a portion of the sep-
aration channel. Before the chips were used, the polyacrylamide gel in each of the
wells was removed using a pipette tip. Although the preparation of chips could be
time consuming, similar systems have been noted to permit reuse of the chip for
several hundred separations [30]. In contrast with slab gels that need to be poured
with each use, the ability to reuse these gels is particularly attractive.

When the gel needed to be removed from the channels for the purposes of clean-
ing, the chips were heated to 560°C. This was conducted in a glass annealing oven
in which the temperature gradually increased over several hours, plateaued at the
annealing temperature for 45 minutes, then decreased back to room temperature.
After this process was complete, small pieces of debris remaining in the channels
were cleaned out using boiling sulphuric acid. The chip’s channels were filled with
the concentrated sulphuric acid and placed on a hot plate at approximately 450°C
for 15 minutes. After 15 minutes, all of the sulphuric acid had been boiled out of
the channels. Upon removing the chip from heat, it was allowed to cool and the
channels were inspected under a microscope to determine if any debris was still
present. After determining that all debris had been removed, channels were rinsed.
At this point the channels could once again be modified with the permanent LPA
coating.

4.2.4 Sample Preparation
Two sample types were used in the SDS-PAGE separations. Standard ladders

helped develop protocols and establish the mobilities for proteins of known sizes,
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whereas salivary proteins were analyzed to gain qualitative information on the pro-
tein content of saliva.

The pre-labeled (Alexa Fluor 488) BFPS ladder contained seven SDS denatured
proteins ranging in size from 11 to 155kDa at unknown concentrations, and the un-
labeled BPL contained fifteen SDS denatured proteins ranging in size from 10 to
220kDa. Each protein in the BPL had a stock solution concentration of 0.1pug/uL.
Analysis of these ladders was achieved by placing 0.5uL of the sample into the
sample reservoir (SR, Figure 2.1). In the case of the BFPS, 2.5uL of sodium bo-
rate buffer with a pH of 8.5 and 2.0% w/v SDS was added to the well to achieve
a final buffer concentration of 2.0mM. For the BPL, sodium borate and SDS con-
centrations were identical to that used by the BFPS sample, but additional labeling
reagents were also added to the well. 0.2uL of a 2mM aqueous solution of KCN,
and 0.2pL of a 2mM ATTO-TAG FQ fluorescent label dissolved in methanol were
added to facilitate labeling of the ladder. Hu er al. have used ATTO-TAG FQ in
similar circumstances when analyzing single—cell protein lysates via capillary elec-
trophoresis [39]. The labeling reagents were mixed with the buffer and sample in
the well before the sample was electrokinetically injected into the microchip.

Upon receiving informed consent from the subject, unstimulated whole saliva
sample collection was conducted using sialometric (whole saliva collection) meth-
ods similar to those described by Navazesh [48]. The simple procedure began with
rinsing the subject’s mouth with water. Over a five-minute period, saliva was al-
lowed to gradually accumulate in the mouth, after which it was expectorated into
a sterile sample tube. Immediately after sampling, 25uL of the sample was mixed
with a 200mM KCN solution to achieve a KCN concentration of 2mM. This mix-
ture was then combined 1:1 with a sample buffer consisting of 4mM sodium borate
buffer, 2% w/v SDS, 5% v/v 2—mercaptoethanol, and 2mM ATTO-TAG FQ. This
sample mixture was then heated to 90°C for five minutes and subsequently returned
to room temperature. Heating the sample mixture facilitated proper denaturation of
the proteins in the sample and also allowed adequate time for SDS and fluorescent
label to bind to the proteins. 3uL of the sample mixture was then pipetted into the
SR well before the electrophoretic injection and separation was performed.

4.2.5 Separation and Detection Instrumentation

Electrophoretic separation and detection of proteins on the microchip was per-
formed using a pFluidic-Toolkit (uTk) supplied by Micralyne (Edmonton, AB,
CAN). A similar instrument has been previously described in a paper by Crabtree
et al. [49]. Separation voltages were applied to the wells via platinum electrodes.
Injection of the sample typically involved applying 400V to the sample waste (SW)
well and grounding the SR well (electric field strength (£) of 245V /cm). For-
mation of the sample plug and separation of the proteins involved applying 500V
(E = 230V/cm) or 1000V (E = 460V /cm) to the buffer waste (BW) well and
grounding the buffer reservoir (BR) well.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The pTk uses a confocal microscope apparatus for laser induced fluorescence
(LIF) excitation and detection of the fluorescently labeled proteins. Unfortunately,
due to the unavailability of suitable fluorescent labels and the LTk’s laser excitation
wavelength (532nm) and emission filtering (ideal detection wavelengths between
563nm and 573nm) [50], proteins labeled with Alexa Fluor 488 (493nm/516nm,
excitation/emission) or ATTO-TAG FQ (489nm/591nm) were not optimally ex-
cited, nor was their emitted fluorescence optimally detected. Based on data gath-
ered from the Alexa Fluor 488 and ATTO-TAG FQ excitation and emission spectra
obtained from Invitrogen, overall excitation and detection efficiency could be es-
timated. In terms of Alexa Fluor 488, overall efficiency was estimated at around
0.25%, while the overall efficiency of the ATTO-TAG FQ fluorophore excitation
was approximately 3%. Thus, the limit of detection (LOD) with Alexa Fluor 488
labeled proteins could be improved by a factor of 400 with better excitation and fil-
ter matching. Better matching would also result in a 30-fold LOD enhancement for
proteins labeled with ATTO-TAG FQ. Because adequate signal was obtained for
proteins labeled with both fluorophores, the performance compromise was made in
the interest of both time and expense.

4.2.6 Quantifying Separation Performance

Separation performance was evaluated using several means. Separation resolution
was assessed for each peak in relation to adjacent peaks using the following Equa-

tion 4.1 [511]: ,
t
N =5.54 4.1
(Atm) @

where NV is the theoretical number of plates, ¢ is the time between adjacent protein
peaks, and At,/; is the peak width determined by the full-width half maximum
(Aty/2). The most relevant measure of resolution that will be used in the following
discussion is the number of theoretical plates per unit length, N/m, which is de-
termined by simply dividing /N by the detection distance. This metric was chosen
because it facilitates comparison with other microfluidic separations conducted over
different lengths, and because it has also been used to evaluate similar SDS-PAGE
based protein separations [30].

Separation quality and the ability to use the system for sizing unknown proteins
was also evaluated using plots of the logarithm of the proteins’ molecular weight
versus the proteins’ mobility normalised to a single detected peak. In the case of
these separations, protein mobility was normalised to the peak generated by detec-
tion of free or unbound label (i.e. the buffer front). This plot quantifies the suitabil-
ity of the gel for use in sizing unknown proteins (linearity) and gives the protein
molecular weight range for which the gel is most suitable for separating. In addi-
tion, by determining the y—intercept of this plot an estimation of the size—exclusion
limit of the gel can be obtained [30]. This is useful in evaluating the differences
between polyacrylamide gels in different chips and determining the consistency of
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the gel polymerisation process [52].

4.3 Results and Discussion

4.3.1 Protein Ladder Separations

The BFPS ladder contained seven pre-labeled proteins with molecular weights of
11, 21, 30, 40, 63, 98, and 155kDa. Detection of this ladder was routinely per-
formed at distances of 4mm and 9mm from the intersection, allowing for adequate
resolution of each of the seven protein peaks. Figure 3.6 shows a typical electro-
pherogram produced by separating the BFPS ladder.

The BPL ladder contained fifteen proteins with molecular weights of 10, 15, 20,
25, 30, 40, 50, 60, 70, 80, 90, 100, 120, 160, and 220kDa each at a stock solution
concentration of 0.1pug/uL. Closer molecular weight spacing of the proteins, the
requirement for on—chip labeling, and the larger molecular weight range resulted in
a separation that was far more challenging. Figure 3.8 shows a typical electrophero-
gram for a separation of the in—well ATTO-TAG FQ labeled BPL ladder. The first
peak was generated by free label that migrated along with the buffer front. While
this peak was present in BFPS separations, it was far more prominent in BPL sepa-
rations due to the presence of excess labeling reagents. In both cases, the free label
peak was used to calculate the normalised mobilities (R¢) for protein peaks using
the equation Ry = Lprotein/ thfree—iaber- Injection and separation field strengths for
each of the ladders were identical.

Linear least—squares regression curves of the logarithm of protein molecular
weight versus Iy for the above electropherograms can be found in Figures 3.10
and 3.11. As expected for SDS-PAGE separations, these molecular weight curves
exhibited a highly linear relationship (R? > 0.99) that is comparable to values
found in published data (R? = 0.984 to 0.999) [30]. The highly linear relationship
of these curves also allows them to be used in protein sizing applications.

The y—intercept of these curves also indicated the approximate size exclusion
limit of the gels used. %T" = 6% and %7 = 8% cross—linked polyacrylamide gels
polymerised in our lab consistently exhibited size exclusion limits in the range of
600 to 750kDa and 250 to 400kDa respectively. Compared to published data for size
exclusion limits of %T' = 6% gels (235kDa) and %T = 8% gels (110kDa) [30],
our gels were typically more porous. This is most likely due to differences in gel
polymerisation procedures such as UV intensity and the extent to which the solution
could be degassed prior to polymerisation [53].

Table 4.1 contains theoretical plate per meter values (N/m) for the separations
shown in Figures 3.6 and 3.8. N/m values for the BPL separations are lower than
those in the BFPS separations because of peak height variations and the close mole-
cular weight spacing of the proteins in the ladder. Protein peaks that exhibited low
amplitudes in the BPL separations had significantly lower values for theoretical
plates per meter. Compared to similar separations reported by Herr et al. [30], we
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Protein Size (kDa) N/m (10%) | Protein Size (kDa) N/m (10°)
11000 1390 10000 1870
21000 867 15000 1200
30000 274 20000 265
40000 385 25000 243
63000 557 30000 696
98000 587 40000 0.265

155000 877 50000 472
- - 60000 406
— - 70000 1.01
- - 80000 60.2
- - 90000 365
- - 100000 2.06
- - 120000 98.3
- - 160000 442
- - 220000 623

Table 4.1: Resolution values for protein peaks in Figures 3.6 and 3.8 expressed in
theoretical plates per meter (IN/m).

obtained higher N/m values (i.e. > 5210° N/m) for many of the peaks in the BFPS
ladder separations, while many N/m values in the BPL separations were compara-
ble. Table 4.2 contains examples of protein molecular weight ranges and theoretical
plate per meter values obtained from other published microfluidic SDS—based sep-
aration results. When compared with other published data, the performance of our
separations is comparable in terms of theoretical plates per meter. In terms of the
number of proteins separated and detected, our separation of the BPL ladder ex-
ceeds the performance of other systems reported to date [5, 27, 29, 30, 54-56].

4.3.2 Salivary Protein Separations

Using the aforementioned methods, samples of unstimulated whole saliva were col-
lected and subsequently separated using SDS—PAGE. A collection of twelve distinct
peaks formed a characteristic separation profile. The first peak in each electrophero-
gram, which is not numbered in Figure 4.2, corresponds to fluorescence generated
by free—label. To demonstrate repeatability between consecutive separations, mul-
tiple separations of the same sample were performed. Examples of these can be
found in Figures 4.3 and 4.4. All separations were conducted in the same gel at
a detection distance of 4mm. The separations in Figure 4.3 were conducted using
E = 230V /cm, while those in Figure 4.4 were conducted at £ = 460V /cm. The
distinct separation profile is evident in each of these separations and the variability
within the profile is relatively minimal.

In order to facilitate sizing of the detected proteins, calibration separations of
the BFPS ladder were performed prior to the saliva separations. These calibrations
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Typical Salivary Protein Electropherogram
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Figure 4.2: A typical electropherogram protein profile resulting from the separa-
tion of a saliva sample in an %7 = 8% polyacrylamide gel. The numbered peaks
indicate the detected proteins. This separation was conducted at 460V /cm and de-
tection was performed at 4mm. This electropherogram is also one of the set of three
presented in Figure 4.4 and is presented merely to establish peak numbers and to
show what a typical protein electropherogram profile looked like.
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Author Number of Molecular Weight N/m Additional
(Year) Proteins  Range of Detected (10%) Notes
Detected Proteins (kDa)
BOE‘;SS 1[)29] §  144-200  5600—9600 ij:‘;;‘gile‘;‘l‘;g
e | -6 83309 R on
P(I;(‘)‘O[f)] 6 20.1 - 205 150 — 400 -
H(ezrgo[j?] 5 6.5-39 400 _
Na(g;;gs[)s‘” 3 21.5- 166 38 - 620 _
Naéa(;gs[)sﬂ 8 57-116 97 - 1350 -
Na(gzaggs[)%] 3 215-116 90 — 2300 -

Table 4.2: Examples of published microfluidic separations of SDS denatured pro-
teins separated in microfluidic chips.

Salivary Protein Separations at 230V/cm
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Figure 4.3: Three consecutive electrophoretic separations of the saliva sample at

FE =230V /cm in an %T = 8% polyacrylamide gel. Detection conducted at 4mm.
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Salivary Protein Separations at 460V/icm
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Figure 4.4: Three consecutive electrophoretic separations of the saliva sample at
E =460V /cm in an %T = 8% polyacrylamide gel. Detection conducted at 4mm.
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Sizing of $alivary Proteins at an Electric Field Strength of 230V/cm
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Figure 4.5: Demonstration of the use of the BFPS calibration curve for sizing pro-
teins. The plot shows the average calculated protein molecular weights based on the
electropherograms shown in Figure 4.3 (F = 230V /cm). When averaged from the
three runs, the molecular weights of the detected proteins are 7.9, 10.2, 15.0, 22.9,
25.6, 31.4, 38.6, 58.5, 67.2, 87.0, and 94.6kDa. The inserted numbers are intended
to correspond to the protein peak numbers in Figure 4.3. The RSD of Ry (used to
calculate molecular weight) for the three electropherograms ranged from 0.25% to
1.62% as indicated by the error bars. The standard error of the measured Ry values
for the proteins in the calibration curve is on the order of +0.3%. Consequently,
the standard error in MW estimation is approximately 5%, which is similar to the
values reported by Herr ef al. [30].

were performed in the same chip as the saliva separations and also used the same
detection distance and separation fields. Molecular weights of the detected proteins
in the saliva sample were calculated using the molecular weight curves generated
by the BFPS ladder calibrations. Similar techniques have been used to size proteins
not migrating in the presence of a protein ladder [30, 36]. Based on the BFPS
calibration separations, detected proteins were found to range in size from 7.7 to
98.5kDa. Figures 4.5 and 4.6 contain the calibration curves generated by the BFPS
calibration separation, along with the plotted sizes of the proteins detected in the
saliva sample.

Data in Table 4.3 illustrates that there is minimal variability in the calculated
molecular weights for the detected proteins among separations performed at the
same electric field strength. This demonstrates that run—to—run repeatability is very
high. The origin of protein sizing variations amongst separations performed at dif-
ferent fields, particularly for peaks 5 and 7, is not yet known and requires further
investigation. This will most likely involve the use of multiple gel concentrations
and Ferguson plot analysis to confirm uniform protein charge densities have been
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Sizing of Salivary Proteins at an Electric Field Strength of 460V/cm
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Figure 4.6: Demonstration of the use of the BFPS calibration curve for sizing pro-
teins. The plot shows the calculated protein molecular weights based on the elec-
tropherograms shown in Figure 4.4 (F = 460V /cm). When averaged from the
three runs, the sizes of the detected proteins are 7.7, 10.3, 15.2, 22.9, 26.8, 32.2,
45.2, 59.8, 69.6, 86.2, and 98.5kDa. The inserted numbers are intended to corre-
spond to the protein peak numbers in Figure 4.4. The relative standard deviation,
RSD, of Ry (used to calculate molecular weight) for the three electropherograms
ranged from 0.24% to 1.34% as indicated by the error bars. The standard error
of the measured 12y values for the proteins in the calibration curve is on the order
of £0.3%. Consequently, the standard error in MW estimation is less than +5%,
which is similar to the values reported by Herr ez al. [30].
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Protein MW (Da) RSD (%)
Peak Number | MWosov/om MW agovjeom | MWasoviem MW asov/em
1 7916 7695 0.97 0.92
2 10230 10291 1.78 0.55
3 14955 15244 1.77 2.32
4 22869 22863 1.89 1.40
5 25612 26800 0.83 0.71
6 31414 32229 3.45 0.95
7 38584 45158 2.72 0.42
8 58461 59755 1.35 1.37
9 67246 69550 1.02 1.20
10 87092 86165 1.87 1.44
11 94638 98532 0.66 0.97

Table 4.3: Protein molecular weight estimates and their variability determined from
the electropherograms in Figures 4.3 and 4.4. Amongst separations conducted at
the same field strength with the same sample, the magnitude of the RSD for the
calculated protein molecular weight indicates good run~to—run repeatability.

achieved with SDS denaturing [57]. Although characterisation of such phenomena

is not within the scope of this paper, the effect of electric field strength on migration

behaviour, especially that of larger proteins, has been documented in similar separa-

tions [5]. In that case, the anomalies were attributed to transitions between Ogston

and Reptation migration models. Such effects, however, should be mitigated in

sizing salivary proteins because of the use of calibration separations conducted at
identical electric field strengths as the salivary protein separations.

While the peaks that were detected in this preliminary work likely resulted from
highly abundant proteins such as a—amylase, further analysis will be needed for
conclusive identification. It is acknowledged that a single peak may in fact consist
of multiple proteins, and that multiple peaks may actually represent a single protein
species expressed in different forms [22]. Nevertheless, on the basis of molecular
weight [58], its typically high abundance, and its dominance within its molecular
weight range [22], it is reasonable to believe that peak 8 is composed primarily
of a—amylase. The calculated molecular weight of peak 8 is close in MW to a
glycosylated form of a—amylase detected by Hirtz et al. (59kDa) from a sample of
whole saliva [58]. The MWs (at both electric field strengths) calculated for peak
8 in this sample are well within 1kDa of Hirtz’s observation. Unfortunately, the
concentration of a—amylase is not given in many of the salivary proteomic studies
referenced by this work [16, 17, 22, 58-60], so it is difficult to specify its degree of
abundance. However, for a sample of whole human saliva, Huang et al. noted that
the intensity of a—amylase spots in 2—dimensional gels were approximately 1.5 to
10 times higher than those of other proteins that were detected [61]. In addition,
2-dimensional gels produced by Hirtz ez al. indicate that although a—amylase was
found to be present in a variety of modified and truncated forms, the majority of the
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Protein Normalised Amplitude RSD (%)
Peak Number || 230V /cm 460V /cm | 230V/cm 460V /cm
1 0.165 0.111 12.54 6.41
2 0.222 0.165 12.30 2.23
3 0.100 0.082 9.73 6.34
4 0.109 0.088 8.14 6.32
5 0.125 0.098 6.72 3.50
6 0.125 0.139 7.43 3.72
7 0.098 0.116 4.14 7.48
8 0.137 0.093 5.33 13.58
9 0.174 0.139 4.75 11.64
10 0.094 0.079 3.50 7.33
11 0.118 0.114 3.59 9.86

Table 4.4: Normalised saliva protein peak amplitude and variability. The free—
label peak, to which the protein peak amplitudes were normalised, had an RSD of
approximately 1.69% for the 230V /cm separations, and 5.27% for the 460V /cm
separations. The amplitude of the free—label peak had a RSD of 23.5% for all
salivary protein separations (n = 29) performed in this gel.

a—amylase that was detected fell within the 56 to 59kDa MW range [58]. Because
many of the modified forms of a—amylase fell within this MW range and were
spread out over a pl range of 5 to 8, it is possible that the elimination of the pl
dimension, as seen in this work, may have resulted in a dominant a—amylase peak.
It should also be noted that Hirtz et al. observed no other proteins having MWs
between 50 and 65kDa [58], indicating that the masking of a—amylase by other
proteins is unlikely. Further quantitation of the salivary proteome may be gained
from a more in—depth analysis of the 2—dimensional gels presented by Hirtz.

The small run—to-run variations in the normalised amplitude of the peaks in Fig-
ures 4.3 and 4.4 also indicate that one could use the peak amplitude as an indicator
of relative abundance of the protein in the saliva sample. While such data does
not provide specific concentrations of the detected proteins, particularly because
labeling efficiencies may differ, it does provide a consistent indication of relative
peak height. Table 4.4 shows the mean and relative standard deviation for the nor-
malised amplitude for each of the detected protein peaks at each of the separation
field strengths. The peak amplitude was normalised to the amplitude of the free
label peak, which had a relative standard deviation of less than 6% for the separa-
tions shown in Figures 4.3 and 4.4. When analyzing data from all of the separations
conducted in the gel used for these separations, the relative standard deviation of
the free—label peak (RSD = 23% for n = 29) is comparable to values reported
for standard protein peak heights and system spectra used in proteome profiling as
demonstrated by Thongboonkerd et al. [36]. Further efforts will be made in future
work to establish more repeatable standards that will facilitate better consistency in
the normalised peak amplitude calculation, and thus in diagnostic applications.
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In terms of diagnostic relevance, the concentration of c—amylase, a highly abun-
dant salivary protein [58], has been shown to be higher in subjects with oral can-
cer [60]. Although this study is well cited, no quantitative data was given for the
absolute concentration or the degree of change in the concentration of a—amylase.
In spite of this, a simple inspection of the slab gels noted in this publication show
a clear increase in the protein band intensities for diseased patients versus healthy
controls. In other examples, concentrations of a—amylase have been shown to be
approximately fifty percent lower in subjects with rheumatoid arthritis [16], and ap-
proximately twenty—five percent higher in patients with type 2 diabetes [59] when
compared with normal controls. Given the degree of variability in our peak am-
plitudes (see Table 4.4), such a change would be evident. While these variations
may be visible, it should also be noted that natural variations in a—amylase have
been observed to be large (RSD of approximately 10%) [60]. As a result, even
though the detection of a single biomarker may not be sufficient for diagnosis, our
technique could be advantageous if another biomarker is known.

In another diagnostic example, two separate studies by Carpenter et al. [14] and
Ryu et al. [15], have shown that the concentration of lactoferrin increases by three to
ten fold (normal concentration is approximately 50nM) in the presence of Sjogren’s
syndrome. Although lactoferrin was not identified in this study, the concentrations
discussed by Carpenter et al. and Ryu et al. are well within the detection limits
of this system (see subsequent discussion), especially in the diseased state. At the
expected time of lactoferrin’s (80kDa) arrival in the salivary protein electrophero-
grams, the low signal level (5-10% greater than the baseline noise level) between
peaks 9 and 10 indicates that lactoferrin may not be masked by other peaks. Based
on the subsequent discussion of the system’s limit of detection, it is estimated that
concentrations of an 80kDa protein on the order of 50nM should be detectable in the
context of the salivary protein electropherograms presented in Figures 4.3 and 4.4.

As previously mentioned, proteins in salivary samples have concentrations that
exist over several orders of magnitude. Consequently, a system’s limit of detection
can be critical if depletion techniques are used to remove the most abundant protein
species. Because of the methods employed in these experiments, only more abun-
dant protein species were detected, and values for the absolute limit of detection
were not vigorously pursued.

Estimates of the system’s limit of detection (LOD) were gathered by analyzing
data resulting from separations of the BPL ladder. Because it was also labeled with
ATTO-TAG FQ, it should provide a reasonable estimate of the limit of detection for
the salivary protein samples. The electropherograms in Figure 3.8 were produced
using an in—well protein concentration of approximately 16.7ng/uL for each pro-
tein, resulting in an approximate total protein concentration of 250ng/ul. Molar
concentrations ranged from 1.7uM for the 10kDa protein to 77nM for the 220kDa
protein. The signal-to-noise ratio (SNR) for the protein peaks ranged from 7 to 40.
Based on these SNR values, estimates of the inefficiencies of the excitation wave-
length and fluorescence detection, and the in—well protein concentrations, a char-
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Estimated Limit of Detection: Molar Concentration vs. Molecular Weight
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Figure 4.7: An estimate of the LOD of detection for ATTO-TAG FQ labeled pro-
teins. The characteristic plot was produced using data from the BPL ladder electro-
pherogram in Figure 3.8, and knowledge about fluorophore excitation and emission
detection inefficiencies. In order to establish an experimentally verifiable LOD,
further investigation is needed with optimised excitation wavelength and emission
filtering. Datafrom the 50kDa protein was omitted because it existed at an unknown
concentration that was greater than that of the other proteins in the BPL ladder. It
is estimated that the limit of detection for this system (with optical improvements)
ranges from 17nM for the 10kDa protein to 209pM for the 220kDa protein. Detec-
tion of a known concentration of C—reactive protein (CRP) in a CRP—spiked saliva
sample agreed with these results. In addition, a clinically relevant level of CRP [13]
is shown to be well below the LOD for this system.

acteristic plot was developed for the LOD in relation to protein molecular weight.
Figure 4.7 shows that the estimated LOD ranges from 17nM for the 10kDa protein
to 209pM for the 220kDa protein for in—well concentrations. Data published by
Hu et al. on the detection limits (70 —~ 290pM) of standard proteins labeled with
ATTO-TAG FQ indicates that even lower concentrations of proteins may be de-
tectable {40]. Hu’s detection limits permitted the detection of protein lysates from
a single cell, indicating that our system may be able to detect the proteins resulting
from lysing approximately 500 to 1000 cells.

To confirm that the LOD values established in Figure 4.7 corresponded well
to proteins denatured and labeled in the same manner as salivary proteins, a saliva
sample spiked with a known concentration of C-reactive protein (CRP) was sepa-
rated in the chip. Using the same denaturing and labeling procedure that was used
for saliva samples, 46ng/uL or 2uM (in-well concentration) of CRP was detected
with a SNR of 63. Although the limit of detection was not firmly established (i.e.
peak SN R = 3), the estimate of the LOD for CRP (2.68nM) fell in line with the
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characteristic plot produced by the BPL ladder (see Figure 4.7). While this C-
reactive protein LOD is much greater than that published by Christodoulides et al.
(0.2fM) [13], low-abundance proteins such as CRP (clinically relevant concentra-
tions of 3.9pM to 85pM) are not of interest because they will be overwhelmed by
more abundant proteins such as a—amylase, immunoglobulin A, and cystatins [22].
Its clinically relevant concentration is plotted along with the limit of detection for
this work in Figure 4.7.

4.4 Conclusions

We have demonstrated a simple and rapid method for separating and detecting mul-
tiple proteins in unstimulated whole saliva samples. The elapsed time from sample
acquisition to protein separation and detection is approximately ten minutes, mak-
ing this a very rapid means of gathering information on salivary protein content.
While the salivary protein analysis techniques are fairly simple and the work is
largely preliminary, this analysis method may be particularly powerful in that it
is designed to detect multiple proteins in saliva rather than analyze single protein
species. Contrary to other microfluidic salivary protein techniques where only one
protein species is studied [13, 42], this technique may be useful in proteome profil-
ing or diagnostic and pre-screening applications requiring the assessment of several
salivary proteins or biomarkers. Because of the non—specific nature of this tech-
nique, the use of saliva for broad screening or proteome profiling on microfluidics
may be greatly simplified, more rapid, and relevant to a wider range of applications.
In addition, the non—specific nature of this technique may make it applicable for use
with other biofluids. Although this analysis technique has likely detected only the
most abundant proteins, potential biomarkers among abundant proteins in the sali-
vary proteome have been identified, such as those for rheumatoid arthritis [16] and
Sjogren’s syndrome [14, 15]. While the investigation of the salivary proteome is
still in the exploratory phases, as a diagnostic resource, it has great potential [9].
Further development of this preliminary work will likely assess further refinement
of the technique, differences in proteome profiles between healthy individuals and
those with oral or systemic disease, and possible identification of biomarkers of
disease.

Expansion of the technique may also lead to the analysis of other biofluids and
cellular samples. Numerous improvements, including further optimisation of the la-
beling and denaturing protocols and improvement of the laser induced fluorescence
optics, may serve to further improve sensitivity, increase the number of proteins
detected, and possibly enable clinical use of the technique. Other on— or off—chip
enhancements such as sample pre—treatment, depletion of abundant protein species,
labeling, heat denaturing [62], and protein pre—concentration will no doubt add to
the functionality and degree of integration of this technique for use in profiling the
salivary proteome.
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Chapter 5

Conclusions

In the compiling of this thesis, great care was taken to ensure that concepts and
data were conveyed in an accurate, logical, and meaningful way. Upon reflecting
on this work, it is clear that advances in knowledge have been attained. Chapter 2
demonstrates extensive protocol development toward permanent channel surface
modification and in—situ gel polymerisation. These protocols serve to facilitate fu-
ture refinements of these coating and polymerisation techniques and also act as the
foundations upon which new microchip—based proteomic analytical tools will be
based. The development of the SDS-PAGE and on—chip labeling techniques in
Chapter 3, and the comprehensive characterisation that was associated with it, rep-
resents a progression from minimal knowledge to the state—of-the-art in a relatively
short time frame. Such developments should permit the Applied Miniaturisation
Laboratory to continue to make meaningful contributions to the research field in
the future.

Most importantly, the application of all of these techniques to the salivary pro-
teome profiling presented in Chapter 4 demonstrated a novel and intriguing foray
into microchip—based proteomic analysis. This technique demonstrated a prototype
system capable of performing diagnostic analysis in approximately ten minutes.
Early testing of the system has shown that it may have the ability to screen the
salivary proteome for a wide range of anomalies. Further development and inte-
gration of this technique with sample preparation procedures, and experimentation
with both clinically relevant data and other biofluids, may forge a path for the re-
alisation of point-of—care proteomic analytical tools. The potential of this system
and the advances brought with it have not yet been fully realised. Further extension
of this work could incorporate the concepts presented in Appendix A to achieve
a two—dimensional point-of-care proteomic diagnostic tool capable of more ad-
vanced analyses. All of these advances provide a glimpse of what the future holds
for microchip—based methods of protein profiling.
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Appendix A

Microchip
Electrophoresis—Electrospray
Ionisation—Ion Mobility
Spectrometry

The following appendix provides an in—depth overview of the theory, current project
status, and future directions concerned with microchip electrophoresis—electrospray
ionisation—ion mobility spectrometry (MCE-ESI-IMS). The combination of these
analytical techniques may provide a miniaturised instrument capable of advanced
proteomic analysis. '

Work conducted for the purposes of creating a MCE-ESI-IMS system was cen-
tered primarily on the design and fabrication of a MCE~ESI microfluidic chip.
Other work consisted of initiating the process of assembling IMS system compo-
nents designed and fabricated by my predecessors. Time constraints, coupled with a
change of research focus during my program, resulted in abandonment of many as-
pects of this project at an early stage. Nevertheless, the following discussion aims to
provide a theoretical background for the MCE-ESI-IMS system as well as lay the
foundations for future work in this area. Although the novel MCE-ESI chip design
was not tested, it represents an extension of the work performed in Chapters 2, 3,
and 4.

Al Instrument Theory

The following section is largely based on research conducted for two courses (ECE
559 and ECE 750) required for partial fulfillment of my Master of Science program.
These works include a literature review addressing the analytical techniques used in
metabolomic—type analyses [1], and another literature review discussing miniatur-
isation and fabrication of electrospray tips [2]. Concepts discussed in this section
serve to provide a theoretical foundation for MCE-ESI-IMS and also present the
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state—of—the—art in the field.

A.1.1 Microchip Electrophoresis—Electrospray Ionisation

While the theory behind MCE has been previously discussed, combining this tech-
nique with ESI requires an in-depth understanding of ESI mechanisms, as well as
consideration of the implications of coupling the two technologies.

Electrospray ionisation (ESI) allows the production of gas—phase ions directly
from a liquid sample. It has attractive implications in its ability to allow the analy-
sis of macromolecules, such as biomolecules, and non—volatile analytes by meth-
ods such ion mobility spectrometry (IMS) [3] and MS [4]. In particular, ESI has
proved to be very valuable in the analysis of proteins [4-7], peptides [8—19], amino
acids [10, 20-23], and metabolites [24-26]. ESI’s applicability to analysis of these
molecules has had far reaching implications regarding the use of MS in bioanalysis.

ESI was first used by Dole and co-workers in the late 1960s when they demon-
strated the transfer of macromolecules to gas phase ions for use in an ion—drift spec-
trometer [27]. Fenn, however, is often considered to be the pioneer of modern ESI
techniques because of his application of the technology to MS [3]. Developments
throughout the 1990s increased the use of ESI dramatically, especially as a means of
facilitating MS detection of liquid separation methods [4]. Examples of this include
the coupling of CE [25, 28-30] and HPLC [31] to MS. As previously mentioned,
much of the current research on ESI is centered on the ionisation of biomolecules.
Another significant portion of research effort is concentrated on the miniaturisation
of the ESI source to allow integration with micro—-total analysis (1—TAS) and MCE
systems, as well as to introduce sensitivity improvements [7, 8, 29].

Many of the mechanisms regarding the formation of gas—phase ions from neu-
trally charged analytes in the liquid phase are still not fully understood. Although
the fundamentals surrounding the formation of liquid droplets at the ESI tip are
well-established, the physics regarding the creation of gas—phase ions is still sub-
ject to debate [32].

Taylor Cone and Ion Formation Mechanisms

The Taylor cone is formed by the application of a large potential at an ESI tip to
a solution containing ions. A large potential gradient is generated by positioning a
planar counter electrode at some distance from the ESI tip (see Figure A.1). The
cone itself forms when the repulsive force generated by the high potential acts on
like charges and causes them to migrate to the surface of the liquid. Surface tension
of the liquid opposes the repulsive force [33]. Equation A.1 describes the electric
field, E,, at a conventional capillary style ESI tip:

2V,
E,=—" (A1)

reln (‘:—f)
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Counter Electrode

Electrospray Ionisation Tip

Taylor Cone

Figure A.1: Depiction of a Taylor cone and the droplet fission process that leads to
gas—phase ions. This figure is adapted from another source [32].

where V. is the electrospray potential, r, is the outer capillary radius, and d is the
distance to the counter electrode [33]. When the repulsive force experienced by the
ions on the surface of the liquid exceeds the surface tension of the liquid, a Taylor
cone forms. With a sufficiently high field, a stream of charged droplets is emitted
from the tip of the Taylor cone [32]. These droplets move along the field gradient
toward the counter electrode. During this movement, solvent evaporates, reducing
the droplet radius, and causing the charge to be more condensed. As the radius
(Rpy) of the droplet decreases, repulsive forces (Coulombic repulsion) between
charges cause the droplet to reach the Rayleigh stability limit, which is described
by Equation A.2:

Qry = 87r(mR;y)1/2 (A.2)

where gr, is the droplet charge, ¢ is the permittivity of a vacuum, and ~ is the
surface tension of the liquid. Upon exceeding this limit (through further solvent
evaporation), the droplet breaks or fissures into multiple smaller droplets [32]. This
process repeats as further solvent evaporation, and droplet fissions occur. Droplet
fission results from a mechanism known as jet fission. In jet fission, an unsta-
ble droplet is distorted into a teardrop shape. From the teardrop tip, a stream of
small droplets is released. These droplets contain approximately 2% of the initial
droplet’s mass, but around 15% of its charge [32]. Beyond this point, a few different
theories exist on the actual mechanisms by which gas—phase ions are created.

Sample Introduction

Sample introduction consists of the flow of the sample and a solvent through a small
capillary to the ESI tip. At this tip, a large positive or negative potential is applied
to the liquid. Numerous factors determine the sample introduction parameters in-
volved in ESI. These include tip configuration, capillary size and flow rate, voltage
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polarity, sample content, and solvent content. When these parameters and their in-
terdependencies are properly controlled, a Taylor cone (see Figure A.1) will form
and analyte ionisation can occur.

Tip configuration refers to a sheathed or sheathless interface. A sheathed in-
terface often consists of a larger capillary surrounding the sample capillary. This
capillary supplies the solvent at the electrospray tip to ensure proper solvent compo-
sition where CE is coupled to ESI. Interfaces of this type often suffer from sample
dilution because of the required solvent flow. A sheathless interface consists only of
the sample capillary. In this case, solvent is introduced before entering the capillary
which offers the advantage of reduced sample dilution. The obvious drawback is
solvent compatibility. When ESI couples CE with another analytical instrument, the
absence of an ESI compatible solvent may be detrimental to proper operation. As
a result, sheathed interfaces are most commonly used as a method of providing the
appropriate solvent to the ESI tip. Differences also exist in the method of applying
the ESI potential to the tip. In the case of the sheathless interface, the tip receives
a conductive coating treatment or is made from a conductive material. Sheathed
interfaces on the other hand, often use the solvent as a method of applying the ESI
potential to the sample [29].

Capillary size and solvent/sample flow rate jointly interact with many factors
to play a significant role in ESI quality. These include spectrum resolution, sol-
vent composition, fluid movement, capillary materials and construction, and ESI
voltage. In both sheathless and sheathed configurations, sample is most often intro-
duced through a capillary with inner dimensions on the order of micrometers [7].
While larger capillaries and higher flow rates were used in initial implementations
of ESI, the trend has been to reduce capillary size and solvent/sample flow to re-
duce initial droplet size. The basic principle promoting this trend states that smaller
initial droplet size formed by the capillary plays a significant role in reducing spec-
trum noise, and increasing sensitivity and resolution [3, 7]. This occurs because
smaller initial droplets require less thermal energy to desolvate, causing the forma-
tion of more gas—phase ions at an earlier stage [15]. While large capillaries reduce
the chance of clogging, they often lead to sample dilution [29] and spectrum res-
olution problems [7]. These capillaries also frequently rely on external pumping
for sample delivery, thus providing the sample solution to the tip at a flow rate of
microlitres per minute [4, 7]. The use of smaller capillaries and capillary action
instead of pumping has lowered this flow to nanolitres per minute [3, 7, 8]. As
a result, much of the research currently being conducted is focused on generating
nanoelectrospray ionisation (nESI) using smaller capillary structures.

At the tip of the capillary, a positive (positive—mode) or negative (negative—
mode) potential is applied depending on the nature of the sample under scrutiny.
The high potential usually resides in the range of 25 kV [4], but as with flow rates,
has been lowered to less than 1 kV in numerous designs [7, 8]. Cech provides a
general rule for the applied voltage polarity. Positively charged ions formed from
inorganic or organic molecules should be analyzed using a positive ESI potential,

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



whereas organic or inorganic negative ions should use a negative ESI potential [4].
Therefore, it is critical to have knowledge of the molecular properties of the targeted
analyte before deciding on appropriate voltage polarity. The magnitude of the ap-
plied potential is also critical, as well as highly dependent on solvent properties and
initial droplet size. Capillary construction material can also have an effect on the
magnitude and placement of the applied voltage. In general, conductive capillary
materials allow easier voltage application to the solution, lower voltage, and lower
solvent electrolyte concentration than non-conductive capillary materials [4].

Solvent content plays a significant and very interdependent role in ESI. First
and foremost, the solvent must have surface tension properties suitable for ESI. If
solvent surface tension is high, stable ESI operation will require a larger potential
applied to the tip. For positive—mode ionisation, solvents that contain a moderately
polar organic solvent such as methanol in aqueous solution produce the most sta-
ble ESI. The organic solvent reduces the surface tension of the aqueous solution,
and is usually present in concentrations of approximately 50% by volume [4]. A
simple review of current literature will also show a prevalence of the use of acetic
acid in positive—-mode solvents [7, 20, 21, 23, 34]. The acid serves to protonate the
solvent and promote analyte ionisation [4]. Negative—-mode solvents differ far more
in composition within the literature. For example, Chen et al. utilised 2—propanol,
water, ammonium hydroxide in an 80:20:0.5 percentage volume ratio for a novel
sheathed capillary [29], whereas Henriksen et al. evaluated the use of methanol or
acetonitrile aqueous solutions [35]. Cech states that in order to produce stable elec-
trospray in the negative—mode, the solvent should have the ability to produce stable
anions, and to minimise the chance of electrical (also known as corona) discharge
from the electrospray tip [4].

Sample content also plays an important role in electrospray performance. It
determines the appropriate electrospray voltage polarity, and thus the solvent to be
used as well. In addition, the method of ionisation undergone by the analyte is
highly dependent on its properties. Analyte structure and the resultant properties of
pH, pK,, polarity, and charge all affect the method of ionisation [4].

Ion Formation Mechanisms

Analyte Charging Before the analytes enter the gas—phase as ions, they must un-
dergo a process where they become charged. There are four basic mechanisms by
which ions are formed. Ionisation occurs via charge separation, adduct formation,
gas—phase reactions, and electrochemical oxidation or reduction. Charge separation
develops from molecules that are charged in solution prior to being electrosprayed.
This is the primary method of charging inorganic species, and organic and biologi-
cal molecules with acidic or basic groups. Adduct formation charges molecules by
the addition of a cationic (positive mode) or anionic species (negative mode) to the
analyte. This process is most often present for polar analytes that do not contain
acidic or basic subgroups. Charging analytes via gas—phase reactions does not refer
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Figure A.2: Schematic depiction of inhomogeneous surface charge in an electro-
sprayed droplet due to highly charged analytes, such as proteins, migrating to the
droplet surface. This figure has been adapted from another source [7].

to droplet fissions, but rather to interactions of molecules that have already been
released from solution. In this scenario charged molecules (analyte or solvent) give
up charge to molecules having a higher gas—phase proton affinity (GPPA) [4]. Cech
et al. describe this phenomenon by stating that GPPA basically refers to the ability
of a molecule to scavenge protons from another molecule. Thus, a molecule having
a high GPPA will scavenge protons from a molecule having a lesser GPPA. In the
case of ESI, Cech states that it is important to choose solvent with a lower GPPA
than the analytes’ GPPA. Failing to do this may result in the reduction of the an-
alyte charge, and consequently, the detected analyte signal. This is not deemed to
be a major issue with proteins and peptides, because they tend to possess very high
GPPAs [4].

Electrochemical oxidation (positive mode) or reduction (negative mode) exists
to balance the excess charge created by charge separation. This process has the
ability to charge non-ionic analytes, but can be detrimental to ESI if the ions that
are created compete with analyte for the extra charge [4]. According to Van Berkel,
three constraints must be met for this to be an effective means of ionising neutral
analyte. First, the current supplied to the ESI tip must be sufficient enough to ox-
idise or reduce all of the species in the solution including those that have lower
redox potentials than the analyte, and the analyte itself. Second, the analyte must
be present at the electrospray tip to allow for the oxidation or reduction reactions to
occur. Finally, steps must be taken to ensure the first two requirements do not inhibit
the formation of gas phase ions. This can be achieved by manipulating a number
of parameters such as: 1) Removing or minimizing the presence of all species with
lower redox potentials than the analyte, 2) increasing solution conductivity, 3) alter-
ing solution flow rate, 4) altering solvent composition, 5) altering the ESI potential,
and 6) changing the capillary dimensions or geometry [36]. Most of these para-
meters exhibit highly complex interdependencies which will not be covered in the
scope of this thesis.
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Gas-Phase Ion Generation Upon ionisation of the analyte, gas—phase ions can
be generated via ESI. In his 2000 paper, Kebarle revisits the two main theories
explaining how gas—phase ions are produced. He addresses the charged residue
model, brought forth by Dole, and the ion evaporation model, proposed by Irib-
arne and Thomson [32]. The charged residue model states that the cycle of solvent
evaporation, and droplet fission occurs until a single analyte molecule remains in a
droplet. As the last of the solvent evaporates, Dole stated that the remaining charge
settles on the single analyte molecule, thus resulting in a gas—phase ion [27]. Irib-
arne and Thomson state that before the droplet reaches the final stage described
by Dole, repulsion forces within the droplet cause the analyte molecule to break
through the surface of the droplet and be released as a gas—phase ion [37, 38]. Ke-
barle states that it is likely that gas—phase formation results from a combination of
the two mechanisms. One of the main reasons for the uncertainty of the mechanism
surrounding gas—phase ion formation is the variety of results presented when using
different analytes [32]. Juraschek supports Kebarle’s theories during his evaluation
of peptide nESI. While the main goal of his paper was to describe increased resis-
tance of nESI to spectrum noise caused by salt contamination, he also discovered
that the addition of protein to the analyte mixture altered the fission pathways ex-
perienced by the ESI droplets. Peptides have properties that allow them to carry a
large majority of the excess charge in the droplet. This causes an inhomogeneous
charge distribution on the droplet surface which leads to earlier droplet fission [7].
A schematic representation of this phenomenon can be seen in Figure A.2. This
is further supported by Cech, who states that an analyte’s tendency to migrate to
the droplet surface (because of non—polar properties), promotes a higher ESI re-
sponse [11]. Essentially, fission pathway, and thus ion formation are highly analyte
dependent [7].

A.1.2 Miniaturisation and Integration

There are currently two main areas of interest driving current ESI research. As
previously mentioned, nESI is a current area of interest because of the increased
sensitivity and resolution realised by the technique. While nESI brings improved
performance, integration of this type of interface with u~TAS devices, will allow
coupling of multiple analytic techniques onto affordable platforms [39].

Nanoelectrospray Ionisation

Nanoelectrospray ionisation can be defined as ESI by means of an interface capable
of providing sample flow rates as low as one to tens of nanolitres per minute, with
electrospray tip sizes on the order of 1um [40]. As noted by Juraschek and El-
Faramawy, flow rates of this magnitude result in smaller initial droplet sizes, and
easier solvent desolvation, thus producing better sensitivity and resolution [7, 40].
Juraschek also reported better immunity to salt contamination of the sample [7].
Nanoelectrospray ionisation offers other advantages including the expansion of the

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



range of analyzable biomolecules, and non-covalent complexes, in addition to the
use of aqueous solutions with minimal to non-existent organic additives [41]. In
spite of these advantages, nESI can suffer from a lack of reproducibility. As a
result, quantitative analysis is often difficult to perform [42].

Salt contamination is of particular concern when analyzing biological samples.
The basic premise for increased suppression of salt contamination in nESI arises
from initial droplet formation. For example, a droplet generated by conventional
ESI will be larger than one resulting from nESI. Assuming these two droplets are
produced from the same solution, they will have equimolar concentrations of salt
when initially formed. Therefore, the amount of salt contained in the larger droplet
is greater. Through the course of desolvation, the larger droplet must undergo more
solvent evaporation than the smaller droplet, to produce droplet fission and the sub-
sequent gas—phase ion. As a result, subsequent offspring droplets resulting from
conventional techniques will have a higher salt concentration than nESI offspring.
Because of this, analytes electrosprayed using a conventional source will exhibit
less immunity to sodiation [7]. In particular, samples containing buffer salts may
benefit from nESI [41].

As mentioned earlier (Section A.1.1), fission pathways in electrosprayed droplets
are highly analyte dependent [7]. Creating gas—phase ions of certain types of an-
alytes is difficult due to their physico—chemical properties. Because of this, hy-
drophilic or lowly charged analyte species are suppressed in analyses involving
ESI[42]. For example, Karas states proteins and peptides are preferentially released
as gas—phase ions in conventional ESI as compared to other types of biomolecules
such as oligosaccharides, glycosides, and glycoproteins. Carbohydrate containing
compounds are often lowly charged in solution, and have non-surface active prop-
erties, which prevent them from migrating to the surface of droplets to be released
as gas—phase ions. Proteins and peptides on the other hand, often migrate to the
droplet surface because of their charge and surface active properties, resulting in
higher gas—phase ion generation [41]. In nESI, smaller droplet size increases the
surface to volume ratio of the droplets, thus allowing non—surface active analyte
species to get closer to the surface and be released as gas—phase ions [42]. The
same holds true for inorganic analytes [41].

Although nESI does offer the aforementioned benefits, it can suffer from a lack
of reproducibility. While evaluating nESI ion generation efficiency, El-Faramawy
observed that a large reason for inconsistency between measurements may be due
to small differences between identical nESI tips. These variations may include tip
size, geometry, surface characteristics, or material impurities [40).

Electrospray Microfabrication and Micro-Total Analysis System Integration

The integration of microfabricated ESI tips with micro—total analysis systems (p—
TAS) or lab—on—-a—chip (LOC) devices brings exciting possibilities, and creates
interesting applications. Such integration is also necessary to create the MCE—
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ESI-IMS system proposed in this thesis. Coupling glass or polymer microfluidic
devices with an integrated ESI tip may allow sample preparation, and separation
to be integrated with analysis by MS [39]. It should also be noted that these ESI
tips usually exhibit nESI characteristics such as low flow rate and small tip dimen-
sions [8, 14, 43-45]. '

Typical implementations of these devices include a glass, polymer, or silicon
based substrate with a tip integrated onto one end of the device. Although the con-
figuration of the tip can take various forms, only a few different designs will be dis-
cussed here. Historically, ESI emitters have been made from pulled fused silica or
metal capillaries with dimensions on the order of around 100um [5, 11, 22, 28]. As
the availability of microelectromechanical systems (MEMS) fabrication techniques
become more widespread, researchers such as Arscott and Le Gac have reduced the
emitter dimensions drastically [8, 46]. The advantages of doing so are numerous.
Both Arscott and Le Gac have observed the reduction of the potential required to
generate electrospray from thousands of volts to less than 1000 [8], and in some
cases tens of volts [47]. In addition, reducing emitter dimensions also has the po-
tential to improve the resolution and sensitivity of analyses by reducing the solvent
volumetric flow to create a nESI source [7, 40]. While the performance of nESI
is typically better than conventional ESI, nESI can be subject to a lack of repro-
ducibility. El-Faramawy cites that some of the reproducibility problems associated
with nESI may be due to small variations in emitter characteristics [40]. Batch fab-
rication of microfabricated emitters may be able to alleviate some of the variance
leading to degraded reproducibility. Given the recent advances in microfabricated
LOC applications, the need for consistent and reproducible emitters, and the above
motivations for miniaturisation, it is easy to see the motivation for generating mi-
crofabricated ESI emitters.

Device Geometry ESI emitter geometries can be placed into four basic cate-
gories. Planar enclosed emitters use flat or triangular shaped ESI emitters with
fluidic channels that are enclosed on three or more sides and that run in parallel
with the substrate surface. In contrast to planar enclosed geometries, planar open
emitters employ triangular emitters with fluidic channels in which the fluid is only
confined by two or fewer surfaces. In-plane conical and capillary geometries em-
ploy cylindrical or conical ESI emitters that emerge from fluidic channels that also
run parallel to the substrate surface. Often, this type of geometry employs rela-
tively crude fabrication techniques that are not suitable for mass production. The
last geometry, out—of—plane, incorporates single or multiple ESI emitters fabricated
onto a single substrate. Unlike the other geometries, the ESI emitters protrude per-
pendicularly from the substrate surface. Examples of these geometries can be found
in Figure A.3.

Planar Enclosed As previously mentioned, planar enclosed emitters have
been implemented with both flat ended [48, 49], and triangular ended chips [50],

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Planar Enclosed Planar Qpen

~ /

ESI Tips

In-Plane Capillary Out-of-Plane

Figure A.3: This figures shows illustrations of the different geometries present in
published work on micro—chip based ESI. In each case, the ESI tip (the actual fluid
outlet, not the complete structure) is approximately 1pum to 100pm in diameter.

although chips with flat ends do not perform as well due to dispersed surface wet-
ting and subsequent Taylor cone degradation [51]. These emitters are commonly
fabricated in glass [48, 52], Poly(dimethylsiloxane) (PDMS) [14, 49, 50, 53-55],
SU-8 [56], or other plastics [50, 56-59]. Planar enclosed emitters are likely the
most widespread in the literature, but no current implementations using this type
of design have been commercialised. In addition, this geometry is often a simple
extension of microfluidic structures, and as such, commonly uses fabrication tech-
niques employed by microfluidics. Many of the polymer-based devices have been
fabricated using unconventional fabrication techniques such as hot embossing and
replica molding.

Planar Open With only one exception [59], a single research group from
France has mainly implemented this type of geometry. The majority of Arscott and
Le Gac’s designs have employed photolithography to pattern SU-8 and use it as
a material capable of producing structures with high aspect ratios [44, 46, 60-64].
Some of Arscott’s recent designs have used a more traditional MEMS material,
polysilicon, as the base for the ESI emitter. The use of polysilicon required more
advanced microfabrication techniques such as reactive ion etching (RIE), focused
ion beam (FIB) etching, and chemical vapour deposition (CVD) [8, 47]. The unique
aspect of this geometry is its method of transporting the liquid to the emitter. Con-
trary to planar enclosed geometries that confine the liquid from all sides, these
devices only confine the liquid on the sides. Their operation has been compared to
that of a fountain pen [61]. While this is mainly an operational concern, this does
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bring about differing requirements for fabrication such as the lack of need for an
aligned cover plate. The other type of planar open design used a triangular Spm
thick film sandwiched between two plastic plates. The tip was placed so that it pro-
truded from the end of a microfluidic channel. Fluid exiting the channel was guided
by the triangular emitter structure [59].

In-Plane Conical and Capillary In-plane conical and capillary type designs
generally employ the most complex three-dimensional emitter geometries. In some
cases, these geometries are achieved by mechanical machining [65, 66], insertion
of a conventional capillary into the chip structure [67-71], or manual application
of material to form the emitter [72]. None of these approaches really lend them-
selves to large—scale batch production or high levels of reproducibility. The remain-
ing example of this type of geometry has been described papers by Fortier [58]
and Yin [45]. The design used laser ablation to fabricate a conical emitter out
of polyimide. Evaporation deposition was also used to form gold contact elec-
trodes [45, 58]. Overall, the complex three-dimensional geometries demanded by
such designs have probably led to their lower prevalence within the literature.

Out-of-Plane Out—of—plane devices are fairly rare within the literature, but
so far the only commercial chip—based electrospray device in existence is based on
an out—of-plane design [39]. Of the devices found in the literature, two designs
were found. The first, implemented by Schilling ef al., employed the use of Com-
puter Numerically Controlled (CNC) milling with accuracy of 0.5um to fabricate
the device [73]. The other design, discussed by Griss et al. [74], Schultz et al. [75],
and Sjodahl et al. [76], uses deep reactive ion etching (DRIE) to pattern both silicon
and silicon dioxide into ESI emitters.

MCE-ESI Integration In terms of integrating MCE and ESI specifically, several
technical hurdles still exist. First, MCE buffer incompatibility with ESI must be
rectified. In the past this has been achieved by using a low pH buffer [67], some-
thing that is not common in electrophoretic separations. Non—CE applications have
incorporated the use of a sheathed ESI interface [16, 25, 26, 28, 29], but at present
it is unknown how this could be effectively implemented on a chip. Additional
challenges come in effectively coupling a microfabricated ESI tip to a microfluidic
chip. Few systems have been able to accomplish this [14, 67, 72, 77], and only
one of these used interfaces that were incorporated directly into the structure of the
chip [14]. As a consequence, these devices required the ESI interface to be manu-
ally inserted into the chip [67], or separately fabricated after the microfluidic chip
was complete [72, 77]. Combining the microfluidic channels and the ESI chip dur-
ing initial fabrication stages may provide a more robust interface, and may facilitate
mass production. Finally, the use of liquid polymers is not possible because they
may have the tendency to migrate out of exposed microfluidic channels. Porous
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polymer monoliths (i.e. solid polymers) have been shown to effectively produce
nESI at the outlet of a microfluidic channel [50, 52].

A.1.3 Ton Mobility Spectrometry

As defined by Creaser et al., ion mobility spectrometry (IMS) is a gas—phase elec-
trophoretic separation technique capable of separating analytes based on mobility.
Charge, mass, and collisional cross—section all play a role in determining an an-
alyte’s mobility and differences in mobility amongst various analytes allow them
to be separated electrophoretically [78]. Early versions of ion mobility spectrom-
eters, known at the time as plasma chromatographs, were introduced in the early
1970s, but the technique was virtually abandoned soon after [79]. Baumbach at-
tributes this abandonment to a poor understanding of ion—molecule chemistry and
its mechanisms [80].

IMS is perhaps most well-known for its use in airport security screening. These
devices are used by security personnel to detect trace amounts of narcotics or explo-
sives, and are in use around the world [81]. Small hand-held ion mobility systems
were also used in the Gulf War for detecting chemical warfare agents [82]. Other
application areas include air quality measurement [83, 84], water quality moni-
toring [85], food quality assessment [82], and structural determination of small
molecules, biomolecules, and polymers [78]. In recent years, advances in IMS
and sample introduction methods have allowed for its application to the analy-
sis and characterisation of biomolecules [78]. Examples of biomolecules ana-
lyzed by ion mobility spectrometry include proteins [5, 12, 15, 22, 86, 871, pep-
tides [10, 15, 17-19, 34, 88-90], amino acids [9, 20-23, 34], and various metabo-
lites [81, 87].

Given the relative age of this technique as compared to MS it is easy to see why
many analysis techniques employing IMS have not yet fully matured. Although
analysis of biomolecules by IMS is still in its infancy, the potential for complimen-
tary separations in tandem with MS, and perhaps compact equipment size explain
the reason for the breadth of research being conducted in this area. One of IMS’s
greatest advantages lies in its simplicity. Contrary to MS, analysis by IMS is often
conducted at atmospheric pressure, eliminating the need for vacuum pumps. This
greatly reduces instrument cost and size, while retaining high levels of information
density {80].

Theory of Operation

Separation of analytes via ion mobility spectrometry is based on a sequence of
events starting with sample introduction and ion generation. There are a variety of
means of introducing the sample which will be discussed below. After the sample
is introduced, ions are permitted to enter a drift region, where they travel along an
electric field gradient through a drift gas to a detector. The ions’ mobilities deter-
mine their time of flight through the drift region, thus producing a separation based
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on differing ion mobility. Upon arrival at the detector, ions produce a spectrum
consisting of a number of peaks. Each peak indicates a different drift time, and
consequently a different ion in the sample. -

The method of introduction of sample into the drift region as ions can take many
forms. Although each method has the ability to produce gas—phase ions, the nature
of the sample will likely determine the mechanism used for ionisation, and the ions
produced [80]. Because the main concern of this thesis is the coupling of the pre-
viously discussed ESI technique with IMS, methods such as atmospheric pressure
chemical ionisation, corona discharge, matrix—assisted laser desorption/ionisation
(MALDI), and photoionisation will not be addressed.

Once sample is introduced into the drift region, IMS separations are conducted
based on ion mobility. Mobility results from a number of molecular characteris-
tics and IMS operating parameters. Reduced mobility (X)), is generally expressed
using Equation A.3 and has units of cm?/V -s:

d 273 P
@EE w

where d is the length of the ion drift region (cm), ¢4 is the drift time (s), F is the
electric field strength (V/cm), T is the temperature of the drift region (Kelvin), and
P is the pressure in the drift region (Torr) [78]. The first part of Equation A.3 relates
directly to the average ion velocity (7;), which is commonly expressed in units of
cm/V-s. Equation A.4 gives the relationship which determines ion velocity:

d
T = (5> (A4)

As the ion traverses the drift region, it periodically runs into neutral drift gas mole-
cules. After the collision, the ion is accelerated by the electric field until it expe-
riences another collision. This process continues until the ion is detected, and it
results in the average velocity (7;) [21].

The following sections discuss the various molecular properties and operating
characteristics that affect ion mobility [9].

Collisional Cross-Section, Mass, and Charge Collisional cross—section (£2,,),
reduced mass (u), and charge (g) relate to ion mobility based on Equation A.5:

1/2
K1 = (g) (%’“I) (%) (A.5)
u q

where K is the measured mobility, N is the number density of the drift gas, k is
the Boltzmann constant, and 7 is the temperature [9]. In general, larger, more mas-
sive ions with a low charge will exhibit lower mobilities than smaller, less massive
ions with a higher charge. An ion’s mass relative to the mass of the drift gas also
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plays a critical role in determining ion mobility. Reduced mass (u) is expressed in

Equation A.6:
mM

H= Gt M) (4.6
where m is the mass of the ion, and M is the mass of the drift gas. In general, ions
that are small compared to the drift gas will have their mobility mainly dictated by
mass, whereas ions that are comparatively large (¢ — 1) will tend to have their
mobility dictated more by their collisional cross—section [79, 80].

When studying the effects of drift gas composition (see Section A.1.3), Beegle
noted that when modeled as a sphere, ion collisional cross—section (§2,,) could be

calculated by Equation A.7:
Qm = ﬂ—(rion + Tgas)2 (A7)

This means that collisional cross—section is not only a function of the ion, but also
of the drift gas [9]. Creaser states that larger, more massive ions can be modeled as
a solid—sphere, while smaller ions must be modeled taking into account ion—drift
gas interactions (see Section A.1.3) [78]. Separations partially based on cross—
sectional area gives IMS an advantage over MS. When substances have the same
mass and charge, they cannot be separated by MS because their mass—to—charge
ratio is.identical. However, when using IMS, geometrical differences may result in
a resolvable separation of the two compounds [19].

Electric Field Strength The relationship given by Equation A.5 only holds true
for a limited electric field strengths. When higher field strengths are applied, ion
mobility becomes field dependent [91]. In general, mobility is no longer field in-
dependent when the ratio of E/N (electric field strength to buffer gas number den-
sity) is < 2 Td (1 Td = 10~ C-cm?) [78]. Thus, any substantial increase in field
strength or decrease in drift gas pressure will make ion mobility field dependent.
This simple explanation is sufficient for understanding the impact of electric field
strength, but if more detail is required, a thorough paper outlining these concepts
was authored by Revercomb and Mason in 1975 [92].

Drift Gas Interactions As previously stated, ion—drift gas interactions can play
a large role in determining an ion’s mobility. Karpas and Berant state that the drift
gas polarisability as well as mass can have a significant effect on ion mobility. In
general, as the mass of the drift gas molecules increases, mobility will decrease due
to an increase in collisional cross—sectional area. When the drift gas polarisability
is increased, the ion mobility will decrease as well [93]. Beegle attributes the de-
crease in mobility to increased “long-range ion—induced dipole interactions” that
alter the collisional cross—section of the ion. He also introduces the relationship in
Equation A.8:

Teff = MOy + Tt (A.8)
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Figure A.4: An illustration of the photolithographic mask used to fabricate the
MCE-ESI chips. Eight chips were fabricated on each glass wafer. The intersecting
channels at the ESI tips of each chip permitted filling of the channels with wax
during dicing.

where 7.y is the effective radius of the ion, m is an indicator of the ion’s charge
density, o, is the drift gas polarisability, and 7, is the original radius of the ion.
One can see from this relationship that as the charge density decreases (mass in-
creases), the effect of drift gas polarisability will have a lessened impact on ion
mobility. Thus, more massive ions are less affected by drift gas polarisability {9].
Drift gas composition characteristics have been exploited to separate ions that have
similar mobilities [9, 87, 88].

A.2 MCE-ESI-IMS

As previously noted, much of the work with the MCE-ESI-IMS system centered on
design and fabrication of the MCE-ESI microchips. Assembly of IMS components
designed by Eric Cheong [5, 94], a former member of the Applied Miniaturisation
Laboratory, and his successors represented a minimal proportion of the work done
in this project. Aspects of the IMS system design and assembly, including portions
not under my scope of work, are presented to supply continuity to the project and
to discuss any issues that were encountered during device assembly.
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A.2.1 MCE-ESI

As mentioned in Section A.1.1, coupling CE with ESI can be a daunting endeavour.
Buffer incompatibility plays a large role in making the two techniques difficult to
integrate. Nevertheless, an attempt at fabricating a MCE—-ESI chip using a planar
enclosed geometry with a sheath flow was made. Figure A.4 contains an image
of the mask designed for these chips. The chips were constructed from borosili-
cate glass, according to the University of Alberta Nanofab’s glass microfabrication
protocols. Previous ESI devices used in the AML consisted of stainless steel hypo-
dermic needles [5], and small capillaries manually inserted into holes drilled at the
edge of a microfluidic chip. The use of a chip with a fully-integrated ESI tip has
not been previously attempted in the AML.

Figure A.5 contains a detailed illustration of the chip and Figure A.6 contains
a photograph of the chip that has not been diced on all sides. The channels that
form a cross consist of an injection channel and a separation channel. While the
design is similar to that of more conventional MCE chips used in electrophoresis
(see Chapter 3), the separation channel is not terminated in a well. Instead it is
designed to exit the chip at the ESI tip. A secondary channel runs parallel to the
separation channel. It begins with a well and also terminates at the edge of the chip,
close to the ESI tip.

The basic idea behind the chip concept is to conduct an electrophoretic sepa-
ration of proteins in the separation channel while providing the necessary sheath
flow solvent via the secondary channel. Originally the intention was to polymerise
polyacrylamide gels in the separation channel to permit separation of proteins (or
other analytes). The use of cross—linked gels was also believed to be advantageous
because it may not have been subject to migrating out of the channel like liquid
sieving matrices may be. As previously noted, the use of porous polymer mono-
liths in microfluidic ESI structures has been documented in a few publications and
shown to be useful in generating stable nESI [50, 52]. It is unknown if such a porous
polymer monolith would reduce the need for a sheath flow in an MCE-ESI system
since both of these published examples used solvents designed for ESI. While the
concept has not been tested, the electrophoretic voltage used to separate the proteins
could actually be applied to the ESI solvent well (ESW). Ideally, the ESI solvent
would be drawn to the ESI tip and form a liquid junction with the main channel,
thus permitting electrophoretic separations. The voltage applied at the ESW would
also act as the ESI tip potential required for electrospray. At the present time, the
system has not been tested and numerous revisions to the chip and the concept are
expected.

With the exception of chip dicing, the microfabrication protocols provided by
the University of Alberta Nanofab were strictly followed. Due to the nature of
the chips and the exposure of channels to diced surfaces, extra procedural steps
were conducted to minimise the amount of debris that entered the exposed channels
during dicing. A water soluble wax (Carbowax™ 1450, Dow Chemical, Midland,
MI) was melted and permitted to fill the channels of the chips before dicing. The
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Figure A.5: A detailed illustration of the MCE-ESI chip.

Figure A.6: An image of a partially diced MCE-ESI microfluidic chip.
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Figure A.7: An image of the tips of four MCE-ESI chips prior to dicing. Two
separation and ESI solvent channels are identified in the image. The chips’ channels
were designed to intersect to allow filling of the channels with wax prior to dicing.
The wax filling the channels in this image was intended to minimise the entry of
debris into the exposed channels during dicing.

chips were placed on a hot plate and small pieces of wax were strategically placed
into various wells. As the wax melted it filled the channels. The layout of the chips
on the glass substrate minimised dead-end channels and promoted complete filling
of the channels that would be exposed on the diced chips. See Figure A.7 for an
image of the chips’ ESI tips filled with wax before dicing.

After being filled with wax, the chips were diced as per normal methods. Ex-
treme care was given to ensuring dice line accuracy. Inaccurate dicing could lead to
the separation channel not exiting the chip right at the ESI tip. While the effects of
this have not been tested, it is expected that such an occurrence would hamper the
liquid junction and efficient ESI of the analytes.

Following dicing, the wax near the end of the exposed channels had actually
been partially dissolved away (see Figure A.8). Proper alignment of the separation
channel with the ESI tip was also assessed (see Figure A.9) and found to be poor in
some instances. In order for ideal dicing to take place, dicing alignment and toler-
ances had to be on the order of half of the width of the separation channel (25um
to S0pum). Given the complex layout of chips on the substrate and the number of
cuts that needed to be made, this proved to be quite difficult and led to some mis-
alignment of the separation channel with the ESI tip. After dicing was complete,
wax was easily flushed out of the channels by placing the chips on a warm hot
plate. Upon being heated, the wax melted and was flushed with the application of
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Figure A.8: An image of the tip of a MCE-ESI chip after being diced. Only some
residual wax remains in the channel after dicing. The water soluble wax dissolved
out of most of the channels. The alignment of the separation channel with the
ESI tip is reasonably good compared to the chip shown in Figure A.9 because the
separation channel emerges very close to the tip. This ESI was not damaged like
the chip in Figure A.9.

pressurised water to the wells.

After conducting more work with protein separations and polyacrylamide gels,
the following concerns with the MCE~ESI chip design and concept have arisen.
First, polyacrylamide gel drying, similar to that experienced in the presence of dry
wells, at the exposed portion of the separation channel is likely. Such drying may
result in the formation of a bubble in the separation channel and the loss of the
separation channel’s conductive path. Without adequate testing, it is not known
what amount of sheath flow will be required to prevent this drying. Secondly, the
SDS-PAGE separations discussed in Chapters 3 and 4 would not be appropriate for
analysis in this chip. Binding of SDS to proteins significantly alters the mass of the
protein and also imparts a large negative charge on the protein. Although the SDS—
PAGE separation itself could be conducted, SDS—protein complexes would not be
representative of the true mass of the protein and would also be highly negative. As
a result, positive mode ESI would not be feasible and drift times for SDS—protein
complexes would not be representative of the original protein cross—sectional area,
conformation, or native charge. It is likely that separations of native proteins or pep-
tides would be more applicable to the MCE-ESI system. Native protein separations
(native—PAGE) are attainable using similar techniques to those discussed in Chap-

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ESI Tip

ESI Salwanr
Clisnnel

Dicing
Lire

Figure A.9: An image of the tip of a MCE-ESI chip after being diced. The align-
ment of the separation channel with the ESI tip is poor compared to the chip shown
in Figure A.8. The alignment is considered to be poor because the exit of the sep-
aration channel from the chip is off to one side of the ESI tip. It is expected that
this would adversely affect the formation of a liquid junction with the ESI solvent
and the establishment a Taylor cone. This tip was also damaged during the dicing
process. A piece of glass chipped away from the tip which is indicated by the re-
fraction of the light passing through the chip. This also made the exact location of
the channels difficult to visually assess under the microscope.
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ters 3 and 4. Alterations to the protein electrophoresis procedures would require the
use of a new sample buffer, running buffer, and standard samples. Native-PAGE
has been shown to be feasible in electrophoretic systems similar to those that have
been previously discussed in this work [95, 96].

A.2.2 IMS Hardware and Software

Although this section touches on many aspects of the IMS system design that were
outside the main scope of my work, this discussion has been included to provide
project continuity and address issues discovered during the assembly of the device.

Over the past few years, several generations of IMS hardware based on the de-
signs of Ben Bathgate (Department of Electrical and Computer Engineering, Uni-
versity of Alberta), Eric Cheong (former AML member), Alex Stickel (former AML
member), Brent Chizen (former undergraduate AML member), Yujie Han (former
postdoctoral AML member), and Loi Hua (former AML member) have been in use.
The most recent operational version used by Brent Chizen and Yujie Han, is cur-
rently not operational. The system has sat dormant for such a long period of time
that documentation regarding changes made to the system during the last few years
is severely lacking. ,

Currently, a redesign of the system mentioned above has been incompletely de-
veloped. Largely based on designs by Ben Bathgate, Loi Hua, and Alex Stickel,
this new system is intended to replace the one used by Brent Chizen and Yujie Han.
It is more compact and features higher levels of design sophistication and integra-
tion. The majority of work performed within the scope of this thesis addressed
the assembly of this system and some development of the design. Design devel-
opment was limited to design modifications and fabrication of the shutter gate (see
subsequent discussion and Figure A.12) and development of the chip stage to be
used with MCE-ESI microchips. Ben Bathgate was responsible for the fabrication
of the shutter gate, while work on the chip stage was performed by myself. The
subsequent discussion contains an overview of the design and current status of the
system.

The IMS ionisation region and drift column are constructed of thirty—one equally
spaced printed circuit board (PCB) plates with conductive material on both sides.
The center of each PCB plate has a circular cut-out. Because each PCB is con-
ductive on both sides, the column consists of conductive surfaces with alternating
spaces of either air or PCB material between them. The conductive surfaces are
joined together in series with a 1M resistance between each surface. The 1IMQ
resistors are surface mounted to the PCB plates. Connections between conduc-
tive surfaces on the same PCB plate are made with PCB vias, whereas connections
between conductive surfaces on adjacent PCB plates are made with small wires
soldered to conductive pads on each plate. When a voltage is applied across the
column, a voltage ladder is formed by the series of conductive surfaces. This lad-
der produces the electric field required for the IMS column. An image of the IMS
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Figure A.10: An image of the partially assembled IMS column showing key fea-
tures of its construction including the ionisation region, the drift column, the shutter
gate and associated circuitry, the construction rods and washers, and the wires con-
necting adjacent PCB plates.

column is shown in Figure A.10.

The ion shutter gate is also incorporated into the column, and its PCB plate can
be seen in Figure A.10. It is the thirteenth plate, and it is placed between the ionisa-
tion region and the drift column. This PCB plate contains a series of interdigitated
wires that traverse the circular hole in the PCB plate. These interdigitated wires
are controlled by signals sent to the switching circuitry located on the shutter gate’s
PCB plate. When the wires are all held at the same potential, ions are allowed to
freely pass through the gate. When adjacent wires are held at different potentials,
this creates an orthogonal electric field and prevents the passage of ions into the
drift column. Switching of the potentials on these interdigitated wires is achieved
by signals sent to optoisolators that are mounted directly on the shutter gate PCB.
These optoisolators are denoted as ‘Shutter Gate Circuitry’ in Figure A.10, but are
not shown or mounted to the shutter gate PCB in Figure A.12.

At each end of the IMS column is a focusing grid as shown in Figure A.11.
The focusing grid consists of a similar PCB plate to those of the rest of the column,
except it has small conductive wires running across the circular cut-out. These wires
are held at the potential of the plate they are connected to and are not switchable
like the wires of the ion shutter gate.

The column is held together using threaded plastic construction rods, washers,
and nuts. A few issues were encountered with the assembly of the column. Firstly,
the small wires connecting conductive surfaces on adjacent PCB plates were very
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Figure A.11: An image of a focusing grid at the end of the IMS column

difficult to place and properly solder. While the column was tested for short circuits
in the IMS column, no high voltages have been applied to the column to date. It
is not known if these small wire connections will be sufficient for proper operation
of the column. Fabrication of the shutter gate also proved to be problematic. Con-
struction rod holes placed on the sides of the circular cut—out (used for passing the
threaded plastic support rods through the PCB plates) were too close to the cut—out
and did not allow for proper anchoring of the interdigitated wires (see Figure A.12).
Consequently, revisions of the design saw two of the six construction rod holes in
the shutter gate removed to allow for a larger supporting area for the wires. This
proved effective, although the shutter gates were still extremely difficult to fabri-
cate. Even with the construction rod hole modification, the interdigitated wires
were prone to delamination (see Figure A.12). These modifications constitute the
only IMS hardware design revisions performed within the scope of the this work.

The ion detector, also known as the Faraday plate, for the IMS has not yet been
assembled or fabricated. Ben Bathgate, Eric Cheong, and Loi Hua were responsible
for the design of the circuitry used for the detector. The PCB containing the circuitry
for the detector (PicoAmpV1a) has been populated (see Figure A.13). To date no
testing has been conducted on this circuitry. Care must be taken when handling this
PCB, as oil resulting from direct contact with skin can affect the performance of the
circuit. Once assembled, care must also be taken in ensuring that the Faraday plate
and detection circuitry are properly shielded to mitigate the influence of ambient
noise on detection capabilities.
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Figure A.12: An image of the redesigned shutter gate PCB plate. As indicated,
construction rod holes were removed to increase the surface area on which the in-
terdigitated wires were supported. Despite the redesign, shutter grid construction
was tedious and prone to interdigitated wire delamination and breakage.

Figure A.13: An image of the populated PCB containing the detection and am-
plification circuitry required to detect ion current generated at the Faraday plate.
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Figure A.14: An image of the populated PCBs containing the control and high
voltage circuitry needed to operate the IMS. The larger board has not yet been
populated with high voltage power supplies

The electronic hardware required to operate the entire MCE-ESI-IMS system
is largely complete. Designed by Alex Stickel and Loi Hua, it consists of a large
populated PCB with a design similar to that used by the Capillary Electrophoresis
Mobile Oncology Lab (CEMOL) devices developed in the Applied Miniaturisation
Laboratory. The intent of such an arrangement is to provide maximum portabil-
ity of existing CEMOL firmware to the MCE-ESI-IMS system. No work has yet
been conducted on adapting CEMOL firmware for use by the MCE-ESI-IMS sys-
tem. Figure A.14 contains an image of the IMS system’s control electronics and
Figure A.15 contains a block diagram of the control electronics.

A clear acrylic box intended to house the IMS column, detector, electronic cir-
cuitry, and chip stage was constructed prior to my arrival in the AML. Based on
the design of the MCE-ESI chip and the constraints of the acrylic box a chip stage
was designed. Because the MCE-ESI chip design was within the scope of this
work, so too was the chip stage. To date, the design is complete, but fabrication
and assembly of the some of the components are still pending. The chip stage is
fabricated entirely of polyvinyl chloride and allows for adjustment of the distance
between the chip and the focusing grid at the entrance of the ionisation region. The
design incorporates a modular chip holder for the chip stage. This holder can be
removed and redesigned when new chip designs are tested, thus preventing the need
to completely redesign the chip stage. This is similar in concept to the variety of
chip stages that are used with the uTk. An acrylic plate attached to the chip stage
can be raised or lowered to allow the high voltage electrodes to be placed in or re-
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Figure A.15: A block diagram of the key electronic components and interconnec-
tions in the IMS control electronics (drawn by Alex Stickel).

moved from the chip wells. This plate can be removed and the hole patterns can be
redesigned when necessary.

Complete designs and documentation for all of the chip stage components, IMS
hardware, and IMS software are archived in the Applied Miniaturisation Labora-
tory. This archived documentation has been filed in electronic format on Gaea (the
AML’s server) and on DVD. Copies of the DVD have been submitted to Dr. Christo-
pher Backhouse and Dr. Dammika Manage (AML member). This documentation
includes PCB schematics, MCE-ESI mask design, IMS system operation manuals,
electronic hardware datasheets, MCE-ESI-IMS system block diagram, and soft-
ware and firmware developed by Eric Cheong, Brent Chizen, and Alex Stickel. The
work conducted by Yujie Han in the development of the MCE-ESI portion of the
system was poorly documented, and as such, was difficult to compile for this doc-
umentation in this thesis. Hardware components have been compiled and placed in
a box in the AML laboratory labeled ‘IMS’. These components include the MCE—
ESI microchips, the IMS drift column (along with spare PCB plates), Faraday plate
detection circuitry, completed portions of the MCE-ESI chip stage, and other con-
struction materials required for IMS system construction. Incomplete portions of
the system include the Faraday plate, detection circuitry shielding, MCE-ESI chip
stage, and system firmware and software. All of the design documentation required
for the incomplete IMS components has been archived in the ‘IMS’ box or on DVD.
To the best of my knowledge, the data archive noted in this thesis documents all of
the work conducted on the IMS system to date. Every effort has been made to en-
sure all of the required documentation and design work has been included in this
data archive. Because of pre—existing documentation gaps that occurred over sev-
eral years, it is unknown what information has been lost.
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A.3 Conclusions

The work contained within this appendix is designed to bridge the gap between the
techniques developed in Chapters 2, 3, and 4 and the IMS system developed by
AML lab members in previous work. The early developmental phases of the MCE—~
ESI chip and assembly of the IMS system serve to facilitate future development of
the complete MCE-ESI-IMS system.
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Appendix B

Permanent Surface Modification
Protocol

B.1 Purpose

This protocol is designed for use with glass chips only. It will apply a permanent
linear polyacrylamide coating to the channel walls consisting of a bi-layer that is
designed to inhibit DNA and protein adsorption to the channel walls. In addition,
this coating can be used in conjunction with a polyacrylamide gel (see Appendix)
as the sieving matrix. The bulk of this procedure was adopted from existing papers
published by Han and Singh [1], and Hjerten [2].

B.2 Special Precautions

Acrylamide monomer is a potent neurotoxin and should be handled with extreme
caution. The proper Personal Protective Equipment for handling acrylamide mono-
mer includes:

e At the very minimum goggles or safety glasses are required.
e Latex gloves to ensure no acrylamide can be absorbed through the skin.
e Lab coat to prevent clothing and exposed skin from absorbing acrylamide.

e Refrain from talking while using polyacrylamide to ensure it is not ingested
if it sprays.

Ensure that you review the MSDS for acrylamide monomer prior to working
with it.
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B.3 Recipes

B.3.1 Silane Functionalisation Layer Solution

This solution is used to create a self-assembled monolayer (SAM) of silane mole-
cules. This SAM makes the channel surface hydrophobic and permits covalent
attachment of the linear polyacrylamide molecules used in this permanent coating.
This solution should be freshly prepared each time this procedure is conducted, and
it should be used immediately after mixing is complete. This recipe is designed to
make 1mL of the solution.

Ingredients
1. Milli—Q water

2. Glacial acetic acid (537020, Sigma—Aldrich)
3. 92% 3—(Trimethoxysilyl)propyl acrylate (475149-5ML, Sigma—Aldrich)

Mixing Directions
1. Pipette 990uL of Milli-Q water into an eppendorf tube.
2. Pipette 5.8uL of glacial acetic acid into the eppendorf tube.
3. Pipette 4.2uL of 3—(Trimethoxysilyl)propyl acrylate into the eppendorf tube.

4. Vortex solution to mix thoroughly.

Final Solution Composition

5.75mM acetic acid solution (pH ~ 3.5) with 0.4% v/v 3—(Trimethoxysilyl)propyl
acrylate.

B.3.2 Linear Polyacrylamide Coating Solution

This solution is designed to polymerise in the channel and form a coating that is
covalently bound to the channel wall. This coating is designed to hydrophilic and
permanent. The solution used to generate the coating should be mixed immedi-

ately prior to use and should not be stored (even for periods as short as 5min) for
subsequent use. This recipe is designed to make 1mL of the solution.

Ingredients
1. Milli-Q water

2. 40% w/v acrylamide monomer solution (A4058-100ML, Sigma-Aldrich)
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3. N,N,N,N-Tetramethylethylenediamine (TEMED) (T9281-25ML, Sigma-Ald-
rich)

4. Potassium persulfate (379824-5G, Sigma—Aldrich)

Mixing Directions
1. Pipette 800uL of Milli-Q water into an eppendorf tube.

2. Pipette 100uL of 40% w/v acrylamide monomer solution into the same ep-
pendorf tube.

3. Weigh out 10.0mg of potassium persulfate, and dissolve it in 1mL of Milli-
Q water in a new eppendorf tube. Vortex the solution until the potassium
persulfate is completely dissolved.

4. Pipette 100uL of the potassium persulfate solution into the eppendorf tube
containing the acrylamide monomer solution.

5. Sonicate the acrylamide and potassium persulfate solution in a water bath for
10min. The eppendorf tube can be placed in a small beaker with enough
water in it to submerge three—quarters of the eppendorf tube. This beaker
can then be placed in the sonication bath. The water level in the surrounding
sonication bath should be similar to that in the beaker.

6. Using the fume hood, pipette 1L of TEMED into the acrylamide and potas-
sium persulfate solution.

7. Swirl solution gently so as to minimise the generation of air bubbles.

Final Solution Composition

4% w/v acrylamide monomer solution with 0.1% w/v potassium persulfate and
0.1% v/v TEMED.

B.4 Procedures

1. When disposing of or rinsing out solutions containing acrylamide, dispose
of solutions by aspiration using the vacuum flask in the AML fume hood.
Any materials used for soaking up, or delivering acrylamide should be col-
lected and disposed of accordingly. Proper disposal involved placing these
materials in a sealed waste bag in the AML fume hood. Also, the chip be-
ing coated should be completely clean and should be rejuvenated using the
standard AML protocol prior to performing the coating.
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10.

11.

12.

13.

14.
15.

Using a transfer pipette, dispense 1IN NaOH into the chip’s wells so as to
fill the channels and each of the wells. Allow this solution to remain in the
channels for 10min.

Evacuate the 1N NaOH solution from the channels using a vacuum.

Place Milli-Q water in each of the chips wells and suck water through the
channels using a vacuum placed at one of the wells. Repeat two to three
times to ensure the channels and wells are adequately rinsed.

Dry the channels using the application of the vacuum to each of the chan-
nels. Follow up with drying using pressurised N,. The channels need to be
extremely dry.

Using a pipette, deposit 3pL of the silane functionalisation layer solution into
BW.

Allow the separation and injection channels to fill completely. Once they are
filled, fill the other wells with the binding layer solution.

Place a glass microchip slide over the chip to minimise solution evaporation.
Wait for 1h.

Remove the covering from the chip.

Rinse the channels thoroughly with water to ensure the silane functionali-
sation layer solution is completely flushed from the channel using the same
method used to remove NaOH from the channels. Dry the channels using the
aforementioned methods.

Mix the linear polyacrylamide coating solution and ensure that it is at room
temperature.

Ensure all proper Personal Protective Equipment are in place. Pay full atten-
tion to the task at hand, and do not talk during this procedure. Inadvertent
exposure to acrylamide monomer is hazardous. Pipette 3 uL of the linear
polyacrylamide coating layer solution into BW. Allow the chip’s channels to
fill.

Examine the channels to ensure there are no air bubbles. If there are air

bubbles, aspirate the solution in the channels (using a vacuum) and rinse and
dry the channels using previously described methods. If there are not any air
bubbles, continue on to the next step.

Fill each well with the 3uL of linear polyacrylamide coating layer solution.

Place a glass microchip slide over the chip to minimise solution evaporation.
Wait 30min.
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16. After 30min have elapsed, aspirate the solution in the channels immediately
using a vacuum. The solution should be slightly viscous at this point. Once
the majority of the solution is aspirated, rinse and dry the channels using the
previously described methods.

17. Inspect the channel for contaminants or obstructions. If there are obstruc-
tions, repeat rinsing and drying of the channel.

18. Store coated chips submerged in water at 4.

B.S Troubleshooting

If the linear polyacrylamide coating solution is difficult to remove, it cannot be
removed using the application of pressure or standard chip rejuvenation protocols.
If this occurs, the only way to remove the coating solution is to take the chip to the
University of Alberta Chemistry Department’s Glass Blowing Shop and place the
chip in the annealing oven overnight. Cleaning often requires two to three nights
in the oven. Chips should be picked up each day and examined before they are put
back in the oven. The solution is not removable because the solution becomes more
viscous during polymerisation. In order to avoid this situation, the following issues
should be addressed:

1. Ensure the coating solution reaction is carried out at room temperature (20—
25). Higher temperatures may speed up the polymerization reaction.

2. Confirm that the proper amounts of TEMED and potassium persulfate were
used. TEMED acts as the reaction catalyst, and potassium persulfate provides
the free radicals required for polymerization. Excess amounts of either of
these substances will change the reaction rate.

3. This protocol was developed for 4-Port Mini microchips with channels mea-
suring 46pum deep and 102pum wide. Channels with smaller cross—sectional
dimensions and/or longer channels make the linear polyacrylamide solution
more difficult to evacuate.

4. Reduce the dwell time of the linear polyacrylamide coating solution or reduce
the acrylamide monomer concentration in the solution. This should be done
as a last resort, as it is unknown what impact this may have on the quality of
effectiveness of the coating.

If the coating seems to be ineffective during electrophoretic separations, the
linear polyacrylamide coating solution dwell time in the channels can be extended.
Otherwise, ensure the following:

1. The proper amounts of TEMED and potassium persulfate were used. Lower
amounts than stated will slow the polymerization reaction, thus affecting the
quality of the coating.
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2. The coating solution was properly degassed by sonicating it for the stated
time. Omitting this step may allow dissolved oxygen to remain in the so-
lution. Oxygen inhibits the polymerization reaction by scavenging the free
radicals generated by the potassium persulfate that are needed for the reac-
tion to take place. Improper degassing will lead to a slower reaction rate.

3. The acrylamide monomer solution should not be ’old’ and should have been
stored in a refrigerator. Check with the supplier for storage lifetimes.

For more information on acrylamide polymerization, consult BioRad’s Technical
Note 1156 [3]. Although it primarily discusses cross—linked polyacrylamide, it is
still a good reference that can be used to gain an understanding of the polymerisa-
tion chemistry and to troubleshoot the polymerization reaction.

Bibliography

[1] J. Han and A. K. Singh. Rapid protein separations in ultra-short microchannels:
microchip sodium dodecyl sulfate-polyacrylamide gel electrophoresis and iso-
electric focusing. Journal of Chromatography A, 1049(1-2):205-209, 2004.

[2] S. Hjerten. High-performance electrophoresis - elimination of electroendosmo-
sis and solute adsorption. Journal of Chromatography, 347(2):191-198, 1985.

[3] P. Menter. Acrylamide polymerization - A practical approach, Bulletin 1156 -
Revision E, Bio—Rad Laboratories Ltd., Mississauga, Ontario. Website, 2007.
http://www.bio-rad.com/LifeScience/pdf/Bulletin_1156.pdf.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.bio-rad.com/LifeScience/pdf/Bulletin_115

Appendix C

In-Situ Polyacrylamide Gel
Polymerisation Protocol

C.1 Purpose

This protocol is designed for use with glass chips only. It will form a patterned
cross-linked polyacrylamide gel in a portion of a microfluidic channel intended for
protein separations. The bulk of this procedure was adopted from an existing paper
published by Han and Singh [1].

C.2 Special Precautions

Acrylamide monomer is a potent neurotoxin and should be handled with extreme
caution. The proper Personal Protective Equipment for handling acrylamide mono-
mer includes:

e At the very minimum goggles or safety glasses are required.
o Latex gloves to ensure no acrylamide can be absorbed through the skin.
e Lab coat to prevent clothing and exposed skin from absorbing acrylamide.

e Refrain from talking while using polyacrylamide to ensure it is not ingested
if it sprays.

Ensure that you review the MSDS for acrylamide monomer prior to working
with it.

C.3 Recipes

C.3.1 Polyacrylamide Gel Precursor Solution

This solution is used to generate in—situ polymerised polyacrylamide gels within
microfluidic channels coated using the protocol discussed in Appendix B. This
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gel acts as a sieving matrix for the separation of SDS—denatured protein molecules
via SDS-PAGE. While the gels, could also be used for native protein separations,
the solution buffer discussed in this protocol contains SDS, and is thus only useful
for SDS—PAGE. These procedures can be adapted to generate a wide range of gel
concentrations and also to incorporate alternative solution buffers. This recipe is
designed to make 1mlL of the solution.

Ingredients
1. Milli-Q water

2. 40% Acrylamide/Bis—acrylamide (37.5:1) solution (A7168-100ML, Sigma—
Aldrich)

3. 2,2'-Azobis[2-methyl-N—(2-hydroxyethyl)propionamide] (VA-086 (Sample),
Wako Chemicals USA Inc.)

4. 20X NEXT GEL Running Buffer (M259-100ML , Cedarlane Laboratories
Ltd.)

Mixing Directions

1. Refer to Table C.1 for reagent quantities. Care should always be taken to
minimise the introduction of bubbles into these solutions.

2. Pipette 37.5uL of 20X NEXT GEL Running Buffer into eppendorf tube #1
and 50uL into tube #2. Tube #1 will be used for the final solution, while tube
#2 will be used for an intermediate solution of 2,2'-~Azobis[2—-methyl-N—(2—
hydroxyethyl)propionamide] (Azo-Initiator).

3. Add the required amount of Milli-Q water to each tube. In the case of tube
#2, this will always be 950uL.

4. Add the required amount of 40% Acrylamide/Bis—acrylamide solution to tube
#1.

5. Weigh out 20mg of Azo-Initiator powder and dissolve it in the solution con-
tained in tube #2. Vortex the solution until the powder is completely dis-
solved.

6. Pipette 2501 L of the intermediate Azo—Initiator solution in tube#2 into the
solution in tube #1. Pipette the solution up and down to ensure proper mixing.
Do not vortex this solution.

7. Wrap tube #1 in aluminum foil to ensure minimal exposure to light. This is
now a photoactive solution and exposure to UV light may initiate the poly-
merisation reaction.
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8. Sonicate the solution in tube #1 in a water bath for 30min. The eppendorf
tube can be placed in a small beaker with enough water in it to submerge
three—quarters of the eppendorf tube. This beaker can then be placed in the
sonication bath. The water level in the surrounding sonication bath should be
similar to that in the beaker.

Gel Concentration L4% S% 6% 8% 10% 12% 15%
Milli-Q water added

to Tube #1 (uL)

40% Acrylamide/Bis-acrylamide
added to Tube #1 (uL)

613 588 563 513 463 413 338

100 125 150 200 250 300 375

Table C.1: Polyacrylamide gel recipes

Final Solution Composition

Acrylamide/bis—acrylamide solution of given concentrations %T and %C with a
monomer to cross—linker ratio of 37.5:1. 0.5% w/v Azo-Initiator and 1X running
buffer.

C.4 Procedures

1. When disposing of or rinsing out solutions containing acrylamide, dispose
of solutions by aspiration using the vacuum flask in the AML fume hood.
Any materials used for soaking up, or delivering acrylamide should be col-
lected and disposed of accordingly. Proper disposal involved placing these
materials in a sealed waste bag in the AML fume hood. Also, the chip be-
ing coated should be completely clean and should be rejuvenated using the
standard AML protocol prior to performing the coating.

2. Mix the polyacrylamide gel precursor solution with the desired %T as per the
instructions in Section C.3.1.

3. Cover the polyacrylamide gel precursor solution’s eppendorf tube with alu-
minum foil to prevent exposure to light.

4. Sonicate the polyacrylamide gel precursor solution in a water bath for 30min.
The eppendorf tube can be placed in a small beaker with enough water in it
to submerge three—quarters of the eppendorf tube. This beaker can then be
placed in the sonication bath. The water level in the surrounding sonication
bath should be similar to that in the beaker.
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5.

10.
11.
12.

13.

14.

15.

Adjust the stage in the UV box (Applied Miniaturisation Laboratory) such
that it is approximately 3cm from the UV lamp. With the UV box exhausted
to the fume hood and the fume hood turned on, turn on the UV lamp (Part
No. 88-9213-02, BHK Inc., Claremont, CA, USA) and allow it to warm
up until the first chip exposure is conducted. This should be approximately
40min. Ensure the door on the UV box is closed. Intensity measurements,
performed after a thirty minute lamp warm—up time, at 254nm, 365nm, and
400nm, yielded values of 1.64mW /cm?, 15.7mW/cm?, and 4.5mW /cm?
respectively.

Approximately 10min prior to the completion of polyacrylamide gel precur-
sor solution sonication, remove the chips in which the gel will be polymerised
from their storage water. Dry the channels thoroughly using pressurized N,.

Remove the polyacrylamide gel precursor solution from the sonicator.

Ensure all proper Personal Protective Equipment are in place. Pay full atten-
tion to the task at hand, and do not talk during this procedure. Inadvertent
exposure to acrylamide monomer is hazardous. Pipette 3 puL of the polyacry-
lamide gel precursor solution into CB3. Allow the chip’s channels to fill.

Examine the channels to ensure there are no air bubbles. If there are air
bubbles, aspirate the solution in the channels (using a vacuum) and rinse and
dry the channels using previously described methods. If there are not any air
bubbles, continue on to the next step.

Fill each remaining well with 3 uL of polyacrylamide gel precursor solution.
Turn off the UV lamp.

Place the chip on a glass microscope slide and place the chip and slide on the
stage inside the UV box. Close the door on the UV box.

Set the countdown timer on the UV lamp to 8min and start the countdown.
The lamp should automatically turn on when the countdown is started and
shut off when the countdown is complete.

Once the exposure is complete remove the slide and chip from the UV box.
Examine the channels to see if any bubbles/voids formed in the gel. If bub-
bles/voids did form, set aside the chip for cleaning. If bubbles/voids did not
form, the chip can undergo a second exposure. Also examine the consistency
of the gel in the wells by probing it with a 10uL pipette tip. If the poly-
merisation is progressing at the desired reaction rate polymerisation should
have taken place and the gel in the wells should have a consistency similar to
JELL-O.

Top up each well with 3uL of polyacrylamide gel precursor solution.
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16.

17.

18.

19.

20.

21.

Place the chip and slide in the UV box and conduct a second 8min exposure.
When the exposure is complete inspect the channels again and top up the well
with polyacrylamide gel precursor solution as before.

Place the chip and slide in the UV box and conduct a Smin exposure. When
the exposure is complete inspect the channels again. If the gel in the channels
is free of bubbles/voids. Store the chip completely submerged in 1X NEXT
GEL Running buffer at approximately 4°C.

Store the chip overnight before attempting separations. This allows any poly-
merisation reagents to diffuse out of the channels and ensures fresh running
buffer is present in all regions of the chip.

Dispose of all solutions by aspirating them into the waste solution flask in the
Applied Miniaturisation Laboratory fume hood.

Allow the UV box to exhaust for approximately 10min after the final expo-
sure by leaving the exhaust connected to the fume hood.

Unplug the power cord leading to the UV box to ensure the UV lamp is not
inadvertently turned on while it is unattended.

Bibliography

[1] J. Han and A. K. Singh. Rapid protein separations in ultra-short microchannels:
microchip sodium dodecyl sulfate-polyacrylamide gel electrophoresis and iso-
electric focusing. Journal of Chromatography A, 1049(1-2):205-209, 2004.
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Appendix D
SDS-PAGE Protocols

D.1 Purpose

These protocols are designed for use with microfluidic chips permanently coated
with linear polyacrylamide and with a cross—linked polyacrylamide gel sieving ma-
trix in the channels. The procedures discussed herein cover the electrophoretic
separation of a pre-labeled protein ladder, an unlabeled protein ladder, and the col-
lection and analysis of a unstimulated whole saliva sample, also known as sialome-

try.

D.2 Special Precautions

Special care should be taken when handling 2-mercaptoethanol and solutions con-
taining 2—mercaptoethanol. This substance has a pungent odour that is irritating and
potentially harmful. Ensure the MSDS for 2-mercaptoethanol is reviewed prior to
use. Any solutions for which 2—mercaptoethanol is required should be prepared in
a fume hood and once prepared, the eppendorf tubes in which these solutions are
contained should be stored in a capped vial to minimise odours.

Special care should also be taken when handling potassium cyanide (KCN). The
major hazard associated with KCN is the formation of toxic cyanide gas when it is
combined with acids. Always handle KCN with care and review its MSDS prior to
use.

D.3 Recipes

D.3.1 Sodium Borate Buffer

A dilution of this buffer solution is used as the sample buffer in all protein separa-
tions. This recipe specifies the ingredients required for making a 100mL aliquot of
20mM of sodium borate buffer.
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Ingredients

1.
2.

3.

Milli-Q water

Sodium tetraborate decahydrate (Na,B,O, - 10H,0) (AC205950010, Fisher
Scientific)

Boric acid (B115, Biochemistry Stores, University of Alberta)

Mixing Directions

1

Add 100mL of Milli-Q water to a container suitable for storing solution
aliquots.

. Weigh out 124mg of boric acid and add it to the Milli-Q water.
. Weigh out 763mg of Na,B,0, - 10H,0 and add it to the Milli-Q water.
. Stir the solution until all ingredients are completely dissolved.

. Measure the pH.

Adjust the pH using a suitable acid (e.g. HCl) to a value of approximately
8.5.

. Store the solution at room temperature. Replace after one month.

Final Solution Composition

20mM sodium borate buffer with pH of 8.5.

D.3.2 Pre-Labeled Protein Ladder Sample Solution

This solution is intended to be mixed in the sample well (SW) of the microfluidic
chip in which the electrophoretic separation will take place.

Ingredients

1.
2.
3.

4,

Milli-Q water
Benchmark™ Fluorescent Protein Ladder (BFPS) (LC5928, Invitrogen Inc.)
20mM Sodium borate buffer

10% Sodium dodecyl sulfate (SDS) solution (71736-100ML, Sigma—Aldrich)
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Mixing Directions

[a—y

. Pipette 12puL of 20mM (see Section D.3.1) into a small eppendorf tube.
2. Add 20uL of 10% SDS solution to the buffer in the small eppendorf tube.

3. Add 68uL of Milli-Q water to the small eppendorf tube. Vortex this solution
and store it at approximately 4°C when not in use. This is a 100pL sample
buffer solution containing 2.4mM sodium borate buffer with 2.0% SDS.

4. Vortex the BFPS solution. Pipette 0.5uL of the solution into the sample well.

5. Pipette 2.5uL of the 2.4mM sodium borate sample buffer into the well. Mix
the well by pipetting the solution up and down.

Final Solution Composition

0.16X BFPS sample solution with 2.0mM sodium borate buffer and 1.7% SDS.

D.3.3 Unlabeled Protein Ladder Sample Solution

The final solution is intended to be mixed in the sample well (SW) of the microflu-
idic chip in which the electrophoretic separation will take place. This sample solu-
tion is designed to label an unlabeled protein ladder in the SW of the microfiuvidic
chip.

Ingredients
1. Milli-Q water
2. Benchmark™ Protein Ladder (BPL) (10747012, Invitrogen Inc.)
3. 20mM Sodium borate buffer
4. 10% Sodium dodecyl sulfate (SDS) solution (71736-100ML, Sigma—Aldrich)
5. Potassium cyanide KCN (207810-25G, Sigma—Aldrich)
6. ATTO-TAG FQ (A-10192, Invitrogen Inc.)

7. Methanol (M112, Biochemistry Stores, University of Alberta)
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Mixing Directions

1.

10.

In an eppendorf tube, dissolve 13mg of KCN into ImL of Milli-Q water
(0.2M KCN). Vortex this solution to ensure it is mixed well. Dilute and
aliquot this solution by pipetting 1puL into 99uL of Milli-Q water in small
eppendorf tubes (2mM KCN). Store these solutions at approximately -20°C
when not in use.

Dissolve 2.5mg of ATTO-TAG FQ in 1mL of methanol (10mM ATTO-TAG
FQ). Dilute an aliquot this solution by pipetting 2uL into 8uL. of methanol
in small eppendorf tubes (2mM ATTO-TAG FQ). Store these solutions at
approximately -20°C when not in use and ensure the eppendorf tubes are
covered in aluminum foil to prevent exposure to light.

. Pipette 14uL of 20mM (see Section D.3.1) into a small eppendorf tube.

Add 20uL of 10% SDS solution to the buffer in the small eppendorf tube.

Add 66uL of Milli-Q water to the small eppendorf tube. Vortex this solution
and store it at approximately 4°C when not in use. This is a 100pL sample
buffer solution containing 2.8mM sodium borate buffer with 2.0% SDS.

Vortex the BPL solution. Pipette 0.5uL of the solution into the sample well.

. Pipette 0.2ul, of the 2mM KCN solution (ensure the solution is completely

thawed and well mixed) into the well.

. Pipette 0.2uL of the 2mM ATTO-TAG FQ (ensure the solution is completely

thawed and well mixed) solution into the well.

. Pipette 2.1uL of the 2.8mM sodium borate sample buffer into the well. Mix

the well by pipetting the solution up and down.

Allow the solution to react for approximately 10min in a dark location (i.e.
inside the uTk) prior to conducting electrophoretic separations.

Final Solution Composition

0.16X BPL sample solution with 2.0mM sodium borate buffer, 0.33mM ATTO-
TAG FQ, 0.33mM KCN, and 1.7% SDS.

D.3.4 Saliva Sample Solution

The final solution is intended to be placed directly in the SW of the microfluidic chip
immediately prior to electrophoretic separation. This sample solution is designed
to fluorescently label and denature proteins in an unstimulated saliva sample.
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Ingredients

1.
2.
3.

Milli—Q water

Unstimulated saliva sample

20mM Sodium borate buffer

10% Sodium dodecyl sulfate (SDS) solution (71736-100ML, Sigma-Aldrich)

. 0.2M Potassium cyanide KCN (see Section D.3.3)

10mM ATTO-TAG FQ (see Section D.3.3)

. 2-mercaptoethanol (M108, Biochemistry Stores, University of Alberta)

Mixing Directions

1.

Conduct the following step in a fume hood. In a small eppendorf tube com-
bine 45uL of Milli-Q water, 20uL of 20mM sodium borate buffer, 20uL of
10% SDS solution, 20uL of 10mM ATTO-TAG FQ solution, and SuL of 2—
mercaptoethanol. Cover the eppendorf tube in aluminum foil, seal it in a vial
with a screw—on cap, and store at approximately 4°C. This will be called the
sample buffer.

. Obtain informed consent before getting saliva sample. Ethics coverage may

also be required when obtaining samples, so ensure that proper documenta-
tion has been filed and that the required approval for gathering of such sam-
ples has been granted. Do not proceed with any sample collection in the
absence of ethics approval.

Have the subject rinse out their mouth extensively with water over 2 to 3min
repeatedly expectorating water and replacing it with fresh water. The sample
should then allow saliva to gradually accumulate in their mouth for a period
of 5Smin. At the end of the Smin period, have the subject expectorate the
saliva into an eppendorf tube.

Pipette 99uL of the saliva sample into a small eppendorf tube. Store the
remaining sample at -20°C.

Add 1uL of 0.2M KCN solution to the saliva. Vortex this solution (sample
solution).

Add 25uL of sample solution to the sample buffer. Vortex this solution (la-
beled sample solution). At this point the solution should be clear.

Heat the solution to 90°C for Smin using a thermocycler. This will denature
the proteins and allow for labeling of the proteins with ATTO-TAG FQ.
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8.

9.

10.

Allow the sample to return to room temperature. Remove it from the thermo-
cycler. The solution should now have a slightly pinkish hue.

Pipette this solution into the sample well immediately prior to conducting an
electrophoretic solution.

Any unused sample should be stored at -20°Cand should be covered in alu-
minum foil to prevent exposure to light.

Final Solution Composition

0.5X saliva sample solution with 2.0mM sodium borate buffer, ImM ATTO-TAG
FQ, ImM KCN, and 1% SDS.

D.4 Procedures

1.

All operating conditions (i.e. electric field strengths) are quoted for 4—Port
Mini chips with 46um deep and 102pum wide channels.

Remove the microfluidic chip from its storage buffer. If the chip has not been
used before, scrape the gel out of each well using a 10puL pipette tip.

Fill each well of the microfluidic chip with 3uL of 1X NEXT GEL Running
buffer (1IXNGB).

Place the chip in the puTk, focus the laser at the intersection, and conduct
electrokinetic flushing. Apply a 300V potential across the injection channel
(approximately 160V /cm, SR = GND, SW = 300V) for ten minutes, then ap-
ply a 300Vpotential across the separation channel (approximately 140V /cm,
BR = GND, BW = 300V) for an equal duration. This procedure is repeated
until the sample fluorescence generates a photomultiplier tube (PMT) volt-
age of less than 0.5V (PMT gain = 0.8). Currents should also be monitored
to ensure they are stable. Periodic replacement of 1XNGB in each well may
be required to help lower

Pipette the 1XNGB out of each well.
Pipette 3uL of 1XNGB in the SW, BR, and BW wells.

Pipette the one of the desired sample solutions from Sections D.3.2, D.3.3,
orD.34,

Place the microfluidic chip into the uTk.

Focus the laser at a detection point between 3mm and 10mm. Commonly
used detection points are 3mm, 4mm, 9mm, and 10mm because they are
easy to landmark on 4-Port Mini chips.
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10. Conduct sample injection and separation. The electric field strength used for
the injection is approximately 215V /cm (SR = GND, SW =400V). Injection
times vary, but are generally between 90s and 120s for the initial injection,
and between 10s and 20s for subsequent injections in 4-Port Mini chips using
6% and 8% gels. The separation field strength can vary between 230V /cm
and 460V /cm(BR = GND, BW = 500V-1000V). Separation times are based
on detection distance, electric field strength, and sample content. Gener-
ally, separations last less than 150s at 230V /cm with detection conducted
at 10mm for sample proteins as large as 220kDa.

11. After the final separation is complete, pipette the solutions out of the wells.

12. Repeat the aforementioned electrokinetic flushing procedure to ensure a min-
imal amount of sample is left in the channels, and to flush out any remaining
sample buffer (sodium borate buffer).
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