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ABSTRACT OF DISSERTATION
THE ONGOING DEVELOPMENT OF THE TECHNIQUE OF
TWO-BEAM FLUORESCENCE CROSS-CORRELATION
SPECTROSCOPY COUPLED WITH CONTINUOUS-FLOW

CAPILLARY ELECTROPHORESIS

This thesis describes work performed in the development and application
of the technique of two-beam fluorescence cross-correlation spectroscopy
coupled with continuous-flow capillary electrophoresis (2bFCCS-CFCE). In this
approach, fluorescently-labeled molecules of interest are monitored as they
electrophoretically migrate in continuous solution between two, spatially-
separated laser foci. The work presented here illustrates a number of
advantages that 2bFCCS-CFCE analysis has over more conventional capillary
electrophoresis (CE) techniques. Three sets of experiments were performed that
illustrate these advantages.. In the first set of experiments, 2bFCCS-CFCE was
used to detect and discriminate between three different analyte molecules
electrophoretically migrating in opposite directions. The ability of 2bFCCS-CFCE
to monitor molecules electrophoretically migrating in opposite directions without
the need of sample injection steps or mulitiple buffers demonstrated a distinct
advantage over conventional CE techniques, which require complex buffer

conditions, sample injection, and can only analyze species migrating in uniform
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direction. The second set of experiments demonstrated 2bFCCS-CFCE on
microchip platforms (2bFCCS-CFMCCE). Several design advantages of
2bFCCS-CFMCCE relative to separations-based CE microchip platforms, such
as increased miniaturization and simpler fluid handling format, were
demonstrated. The third set of experiments demonstrated the ability of 2bFCCS-
CFCE to measure the effective charge of a single-stranded DNA (ssDNA) in the
presence of magnesium ions. The measurement of effective charge requires
analysis of both diffusion and electrophoretic migration simultaneously.
Conventional CE experiments are not capable of making this measurement.
2bFCCS-CFCE was used to successfully measure the effective charge, revealing

the interesting relationship between ssDNA charge and size.

Keir H. Fogarty
Chemistry Department
Colorado State University
Fort Collins, CO 80523

Spring 2008
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Chapter 1: Introduction

1.1 Introduction:

In the early 1980’s Jorgenson and Lukacs revolutionized the field of
analytical chemistry by effectively introducing the world to capillary
electrophoresis (CE)". Previous examples of free zone electrophoresis had
been demonstrated*”, but Jorgenson and Lukacs were the first to achieve
incredibly efficient separations in relatively easy to make fused silica capillaries
with narrow inner diameters (<100um). The separations achieved in their CE
experiments were so efficient (~10° theoretical plates m™) that they were an
order of magnitude more efficient than those commonly demonstrated by other
separations techniques such as liquid chromatography'® 2. Jorgenson and
Lukacs created the huge leap in separation efficiency through the use of fused
silica capillaries, which offered an advantage over previous free zone
electrophoresis techniques by allowing for more efficient heat dissipation due to
the high surface area of the capillary. This overcame a significant problem for
free zone electrophoresis, which was the convective and diffusive effects that

heat had on samples migrating in free solution. In addition, CE offered many



advantages to gel electrophoresis, the prevailing electrophoretic method of the
time. Gel electrophoresis typically requires much larger samples than CE, is
much more labor intensive, and has lower separation efficiency.

Another advantage of the CE technique introduced by Jorgenson and
Lukacs is its relatively simple instrumental requirements. A schematic for a basic
CE experiment similar to the one performed by Jorgenson and Lukacs is shown
in Figure 1.1. Every CE experiment has 5 basic requirements: 1) a capillary of
narrow inner diameter, typically made from fused silica, 2) a high voltage power
source, 3) a method of detection of the analytes, 4) the sample solution
containing the analytes of interest, and 5) reservoirs of run buffer, typically having
the same composition as the sample solution minus the species of interest. In a
typical CE experiment, a small amount of the sample, a “plug” typically on the
order of 0.1-10 nL, is introduced on one end of a capillary that is pre-filled with
run buffer. After sample introduction, the ends of the capillary are submerged in
reservoirs filled with the run buffer, and a high voltage, commonly 20,000 to
60,000 V, is applied across the capillary. The electric field causes ions in the
sample to migrate towards the anode or cathode. The rate of ion migration, 7,

depends on the charge to size ratio of the ionic species:

V.= jE = qE
67nr

(1.1)

Where u is electrophoretic mobility, ¢is the charge on the species, 7is the

solution viscosity, E is the electric field strength, and ris the hydrodynamic

radius, or size, of the species®.
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Smaller, more highly charged ions tend to migrate faster than larger ions
of lower charge. The difference in migration rates between the different species
causes the sample to separate into bands of like species within in the
background run buffer'. In conventional CE, a detector is located at the end of
the capillary opposite that of the sample injection. As the bands of sample reach
the detection area and pass through it, an electropherogram similar to Figure 1.2
is produced®. The data of a typical electropherogram manifests as a series of
peaks, each peak corresponding to a specific analyte with a unique charge to
size ratio. The peaks represent the concentration profile response over time of
the detector. In the case of Figure 1.2, fluorescently labeled amino acids of
different charge to size ratios separated into bands, and as each band migrated
past the laser based fluorescence detection window, it generated a peak in
detected fluorescence®. The height of the peaks are proportional to the
concentration of the analyte, and the width and general shape of the peaks are
related to a number of factors, such as the diffusion of the analyte and the
injection technique used to introduce the analyte to the capillary™.

An important aspect of CE that has not yet been discussed is the
phenomenon of electroosmotic flow (EOF). Electroosmotic flow is the bulk
solvent flow in an electric field that occurs when a high voltage is applied across
a capillary with charged walls containing a buffer solution. Figure 1.3 shows a
diagram illustrating electroosmotic flow and flow profile of a) pressure driven flow,
or laminar flow, and b) electroosmotic flow induced by an electric field. In fused

silica capillaries above
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pH 3, the silanol chemical groups of the glass have an overall negative charge.
Cations in the bulk solvent are attracted to these negatively charged groups at
the walls, forming an “electric double layer” at the walls. Cations immediately
adjacent to the walls interact strongly with the negatively charged groups, and
thus are somewhat immobile. A short distance out, however, there is stili a
higher concentration of cations relative to the bulk buffer solution due to the
effects of the negatively charged walls, but these cations are relatively mobile,
and when an electric field is applied, they migrate toward the cathode, or
negatively charged electrode. This “sleeve” of cations near the capillary walls
migrate towards the cathode puliing the rest of the bulk solvent with it, inducing
electroosmotic flow. It is important to realize that the profile of electroosmotic
flow, as can be seen at the bottom of Figure 1.3, is piston-like, compared to the
parabolic flow profile of pressure driven flow in a capillary. This is an important
distinction, because the piston-like flow profile does not contribute to spread of
migrating sample zones, and thus does not negatively affect the experiment’s
resolution. Because the parabolic flow profile contributes to band spreading, CE
has an advantage over liquid chromatography, which uses pressure driven flow
to separate analytes. It should be noted that if the walls of the capiliary were
positively charged, the bulk solvent flow would be towards the anode, and if the
walls were neutral, there would be no electroosmotic flow at all.

When Jorgenson and Lukacs published their seminal papers on CE in the
early 1980’s, they used laser-induced fluorescence (LIF) for detection. LIF is an

excellent detection method for CE because fluorescent labeling of species of



interest was relatively easy, and the limits of detection are extremely small,
something that is necessary when trying to detect the nL volume sample bands
of a typical CE experiment' 2. Since the early 1980’s, the number of different
methods used for detection in CE has exploded as more sensitive methods with
lower limits of detection are developed. Some of the more common methods
used for detection in CE include: a)LIF, b) absorbance methods, c) mass
spectrometric methods (where the CE capillary is coupled with a mass
spectrometer), d) monitoring refractive index changes between background run
buffer and sample component bands, e) conductivity and amperometric detection
(based on the fact that the samples separated consist of ionic species), and f)
radioactivity-based detection' ",

The simplicity of CE instrumentation and detection methodology has made
it a very valuable and flexible tool for the analytical scientist. CE, however, is not
free from limitations, and throughout the period since its inception scientists have
devised many methods to overcome some of these limitations. The subject of
this dissertation is the application of a technique, two-beam cross-correlation
spectroscopy coupled with continuous-flow capillary electrophoresis (2bFCCS-
CFCE), which overcomes some of the inherent limitations in CE. In the next
section, the limitations of conventional CE that inspired the development of the

2bFCCS-CFCE technique will be discussed, along with other techniques that

have been developed to address them.



1.2 Experimental Limitations of CE:

As discussed in the previous section, CE is a separations and analysis
technique of unparalleled efficiency. lts simple design allows for great flexibility
in its application. CE, however, is not without its limitations. These limitations
manifest in two distinct areas; the complexity of factors affecting data output in
CE, and the inherent design limits of CE. In the following section, the limitations
inherent to CE will be discussed, first, by exploring the data output issues, and
second, by investigating inherent design limitations of CE.

In an ideal world, the peaks produced by a CE experiment would be
Gaussian, because the only factor affecting their width would be the diffusion of

the analytes. The Gaussian peak width is related to the standard deviation, o .

This is often expressed to the second power as variance, o, which for the case
of diffusion is:

o4y =2D1 (1.2)
where D is the diffusion constant of the species, and ¢ is the timescale of the
experiment. The molecules of respective analytes should all migrate with the
same velocity down the capillary, but as they migrate, the analyte molecules
diffuse, and thus increase the migration band/peak width. |f diffusion were the
only factor affecting peak width, it would be possible to analyze the peak width
using equation 1.2 to obtain the diffusion constant, and thus, the size of the
analytes concerned. The knowledge of analyte size would also allow the

analytical scientist to interrogate the effective charge of the analyte through the



use of equation 1.1. Being able to discriminate between the effective charge and
size of analytes is important when the analyte species are unknown, especially
when they are unknown biological molecules like proteins, where independent

size and charge information is crucial to identification®. Unfortunately, the total

2
lot !

variance of CE peak data, o, , which is a measure of peak width is dependent
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1S the variance due to sample injection, o
wall effects, o7, is the variance due to joule heating effects, o2, is the variance

due to the size of the detection region, o, is the variance due to
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electromigration dispersion, and o7, is the variance due to nonuniform velocity

flow profile® "' The equation relating the total variance, o2, , to the peak width

is:

2
o2 = — (W—L) (1.4)
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where w, is the peak width at half-height, L is the migration distance, and ¢ is

the migration time of the peak-producing sample band'?. As can be seen in
equation 1.3, there are a multitude of factors affecting the peak width in a typical
electropherogram. A comprehensive analysis of peak width would require
accounting for and quantifying every source of variance. Unfortunately, almost
every form of variance has random and unpredictable aspects that negatively

effect analysis of peak shape in CE.



1.2.1 Sample Injection:

The contribution of sample injection to peak width in CE can be attributed
to two factors: the length of the injection plug, and non-ideal plug
geometries/compositions. If the variance of injection were solely attributable to

sample plug length, the variance would be solvable as:

o b=1%/12 (1.5)

nj inj
where /,; is the length of the injected plug, assuming the piug is rectangular in

shape®. Itis obvious that an ideal injection would minimize L;,» but due to the fact

that the sample injection length must be nonzero, variance introduced by sample
injection is unavoidable. The two most common methods for sample injection in
CE are hydrodynamic and electrokinetic, both contributing to the variance in
characteristic ways. In hydrodynamic injection, the capillary is first filled with the
run buffer, and then one end of the capillary is introduced into the sample buffer.
The sample is then injected into the capillary in one of three ways: 1) raising of
the sample buffer level a fixed height over the level of the run buffer at the
opposite end of the capillary, creating hydrostatic pressure which injects the
sample, 2) exerting positive pressure on the sample buffer container, which
causes sample to be pushed into the capillary, and 3) applying a vacuum at the
opposite end of the capillary, pulling sample buffer into the capillary. In
electrokinetic injection, the initial steps are the same as hydrodynamic injection,

but instead of using pressure to introduce a sample plug to the capillary, a

10



voltage is applied which induces migration of the sample into the capillary. There
are two forces which induce the sample migration into the capillary:
electrophoretic migration of the components of the sample, and electroosmotic
flow'" 8.

Both of the above methods for injection have unique contributions to the
peak variance of CE electropherograms, but do share some common sources of
error. In a traditional CE experiment, one can imagine a starting condition where
the capillary has been rinsed and filled with the run buffer, and sits with both
ends submerged in respective run buffer reservoirs. In order to perform sample
injection, one end of the capillary must be removed from its run buffer reservoir
and transferred to the sample buffer reservoir. The sample is then injected, and
the capillary end must then be removed from the sample and returned to the run
buffer in order to start the experiment. This injection procedure inevitably leads
to nonreproducible error. First of all, removal of capillary ends from the buffer
solution can cause several negative effects. VWhen one capillary end is being
transferred from run to sample buffer, or vice versa, the fluid inside the capillary
can experience variable hydrodynamic forces due to a variety of factors. Firstly,
when one end of the capillary is in air and the other is submerged, evaporation
can cause the fluid to retreat past the end of the capillary, so that when it is re-
submerged, an air bubble is introduced in the capillary. Evaporation can also
cause concentration gradients as solvent is removed but solute remains. In

addition, the sample or run buffer can form droplets that adhere to the capillary

end as it is transferred from solution to solution. This can cause cross-
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contamination and uncontrollable additional injection of unwanted sample.
Finally as the capillary end is pushed into or pulled out of buffer, the motion
induces pressure gradients that can push buffer into, or pull buffer out of the
capillary, altering injection amounts nonreproducably’* '"'® Techniques have
been developed which eliminate the need for capillary transfer in sample
injection, but suffer from more complex instrumentation requirements that have
limited their application'®?2.

As noted above, the length of the injected sample plug contributes to the
variance caused by sample injection. The contribution of plug length could
theoretically be accounted for by equation 1.5, but, as is often the case, the
reality of sample plug injection often deviates from theoretical approximations
used to derive equation 1.5. In an ideal world, the plug would be a perfect
cylinder or rectangle, with precisely defined length and geometry, unfortunately,
this is nearly impossible. The beginning and endpoint of the plug is universally
ambiguous, because of unintentional injection discussed in the previous
paragraph, and because of sample diffusion into and out of the capillary during
the “dead time” immediately before and after sample injection? .

The hydrodynamic injection technique introduces additional plug length
variance because it is a pressure flow technique. As stated previously, pressure
flow is parabolic. This creates boundaries to the sample plug that are difficult to
analyze geometrically, especially when one considers that diffusion would quickly

disturb the parabolic profile into an even less theoretically accessible profile. In

addition it is nearly impossible to perform pressure injection without ill-defined
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pressure gradients. If one performs injection by changing the respective buffer
heights of the capillary at either end, the process of raising and lowering the
levels to and from the injection heights results in inconsistent pressure gradients.
If one uses applied pressure or vacuum injection, there is a finite time required to
reach the desired pressures, which results in poorly defined pressure gradients,
and thus sample plug lengths'”2°. Another possible source of ill-defined sample
plugs is in differences of viscosity between sample buffer and run buffer, which
can introduce non-ideal plug geometries and diffusion effects'. This problem
can be accounted for by ensuring the sample and run buffer have similar
viscosities, but it is another issue that adds to the complexity of sample injection
in CE.

Electrokinetic injection is the other major method for sample plug injection
in CE, and it too is not without its weaknesses. The rectangular flow profile more
closely resembles the assumed ideal plug of equation 1.5 than does the
parabolic flow profile of hydrodynamic injection, but electrokinetic injection
introduces many factors that affect the reproducibility of the sample plug that
hydrodynamic injection does not suffer from. Perhaps the most important is the
issue of nonuniform component injection. Individual components of the sample,
including background electrolyte species, will be injected into the capillary at
different rates, depending on the speed with which they migrate in an electric
field. This might cause overloading of one component in comparison with
another, resulting in imprecise representation of relative concentrations of

components in the sample. In addition, concentration gradients are introduced
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as one end of the plug will be composed predominately of the more highly mobile
species, while the other end of the plug will be composed of the less mobile
species. These concentration gradients can change the conductivity of different
regions of the sample plug, altering the electric field that different components
experience, which leads, in turn, to greater peak variance that is difficult to
analyze.

Another factor that affects the rate at which sample is introduced is the
electroosmotic flow. The amount of electroosmotic flow is extremely dependent
on the surface conditions of the walls of the capillary, and unfortunately this can
change significantly from capillary to capillary and over time in the same
capillary. lons in the solvent can absorb and desorb from the surface of the
capillary over time, and alter the surface charge density of the walls, changing
the electroosmotic flow' 2426 One other important factor effecting
electrokinetic injection is the profile of the capillary end in which sample is to be
injected. If the end of the capillary is not smooth cut, the jagged shape produces
distorted electroosmotic flow profiles which cause non-reproducible sample plug
shapes?®?’. To ensure reproducibility of electroosmotic flow during injection,
care must be taken to cut capillaries smoothly, and it is wise to perform buffer
rinsing steps to try to minimize differences in the surface charge density of the

17,26, 27

capillary walls from run to run . It should be noted that hydrodynamic

injection is widely considered to be the most reliable method, as its

inconsistencies are more predictable than electrokinetic injection™ .
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1.2.2 Wall Effects:

The inner walls of the fused silica capillaries typically used in CE

experiments contribute to the total peak variance through two of the terms in

2
wall

’ 2
and o,.

2
wall

equation 1.3; o o’ , represents the variance caused by the

2

interaction of analyte molecules with the capillary walls. o,

represents

disturbances in the flow profile of a sample band due to variability of the inner
capillary wall’s surface charge density.

Analyte molecules that find themselves near the wall of a capillary during
the course of the experiment have the opportunity to interact with whatever
chemical groups are bound to the surface. In fused silica capillaries, the
predominate stationary chemical groups on capillary surfaces are silanol groups.
Though fused silica capillaries are popular because of their cost-effectiveness
and adaptability, a drawback that comes from their use is the typically strong
interactions that many analyte molecules have with silica surfaces. This is
especially true of many biological macromolecules, which are, perhaps, the most
studied analytes of CE?. Analyte-wall interactions can be represented by the

following reversible chemical reaction equation:
ku
A+ Wall‘fA-Wall (1.6)

where 4is the analyte species, Wallis a binding site on the capillary wall,

A-Wall represents the analyte bound to the wall, and k,and k, are the
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association and dissociation rate constants, respectivelyg'zg. Analyte molecules
interacting with the walls of a capillary during CE have slower migration times
than non-interacting analytes due to the fact that when analyte molecules
associate with the wall, they stop migrating, and only resume migration upon
dissociation. Electropherograms produced by CE experiments in which wall
adsorption is a significant problem typically exhibit “tailing,” an example of which
can be seen in Figure 1.4 A®.

In order to try to address the contribution to the variance of wall
adsorption, equation 1.6 has served as the starting point of several theoretical

approaches?3:29-31-33

. It must be understood that equation 1.6 represents the
interaction of one analyte species with one binding site on the capillary wall. In
reality there is a multitude of possible binding sites on capillary walls, all with
potentially different adsorption/desorption kinetics. Theoretical treatments that
start with equation 1.6 must first estimate the relative abundance of binding sites
on the capillary walls, and must make the critical assumption that they all exhibit
adsorption/desorption kinetics in a close enough range that average rate
constants can be used to model the system. In addition, if one is performing an
analysis using buffers containing multiple species, as is most commonly the case
in CE, it would be necessary to model each species’ unigue interaction with the
walls to arrive at a complete picture of wall adsorption phenomena, as each
species’ interaction with the walls would influence the availability of binding sites

for other species.
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Figure 1.4°°: A) An electropherogram peak produced by the protein cytochrome
¢ in an untreated capillary clearly showing tailing indicative of wall interactions.
B) An electropherogram produced by cytochrome ¢ in coated capillaries in which

the tailing has been eliminated by reducing wall interactions.
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The complex nature of this problem has made it difficult to accurately
calculate peak variance contributions from wall adsorption experimentally. By far
the most common method to account for wall interactions in CE is to try to
eliminate them entirely through the modification of the chemistry of the capillary
walls. By tailoring the wall chemistry of a capillary to be repulsive of analyte
molecules, one should, in theory, be able to eliminate their interaction. This can
be accomplished a number of ways®3®. Perhaps the most common method for
the elimination of wall interactions is the application of polymer coatings to the
inner walls of the capillary. Polymer coatings effectively replace the silanol
chemical groups of the silica surface with polymer chemical groups best tailored
to avoid interaction with the analytes being studied®**. Another method for
eliminating wall interactions in CE is by using additives in the run and sample
buffers that outcompete analyte molecules for the wall binding sites on the
surface of the capillary. The use of detergents and high ionic strength buffers are

the most common methods to achieve this®*3®

. In Figure 1.4, a polycation was
used as an additive to reduce the effect of wall interactions seen in Figure 1.4 A,
the treatment was effective in eliminating the peak tailing, as can be seen in
Figure 1.4 B*. Finally, the pH chemistry of silanol groups can be used to
eliminate wall interactions. pH can be adjusted to either completely protonate or
deprotonate the silanol groups, resulting in neutral or negatively charged

surfaces, respectively. The problem with the attempt to eliminate wall

interactions entirely is that it is very nearly impossible. In fact, it has been
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demonstrated that, no matter the wall conditions, there are always wall
interactions to varying degrees® ¥’

When considering the wall effects on CE experiments, one must note the
impact of wall chemistry on electroosmotic flow. If the walls of the capillary are
uniformly charged throughout, then the electroosmotic flow should be uniform
and should not affect the peak width adversely. Unfortunately, as described in
the previous paragraph, species in the run and sample buffers inevitably adsorb
to the capillary walls. This not only can effect the surface roughness of the
capillary, but also the effective surface charge density. Both of these factors can
lead to different rates of electroosmotic flow in different regions of the capillary,
which can lead to distortions in the flow profiles of sample bands®* ** *,

Creating conditions in which both the surface charge density of the capillary walls
is uniform and the walls are free from adsorbed species that alter the surface
roughness would solve the problem of nonuniform EOF, but as said before,
eliminating the adsorption of species is impossible, and this will inevitably change
both surface roughness and charge density. Coatings and buffer conditions can
significantly diminish the surface charge variability which can impact EOF, but
ultimately the unpredictability of wall effects will negatively affect any attempts to

comprehensively analyze the peak width of electropherograms.
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1.2.3 Joule Heating:

When a voltage is applied across a capillary in a CE experiment, heat is

produced according to the equation®®:

Q= (1.7)

where @ is the rate of heat generation in watts per unit volume, 7 is the applied
voltage in the CE experiment, I is the current in amperes, and the expression
mr’ L corresponds to the internal volume of the capillary (which is assumed to be
cylindrical). As one can see from equation 1.7, the generation of heat, or joule
heating, is an intrinsic property of capillary electrophoresis. Unfortunately, joule
heating contributes to the dispersion of peaks in CE through a number of means.
Heat lowers the viscosity of the buffers used in CE, and it also increases the
diffusion of ionic species. In addition, because heat is dissipated from the
capillary walls to the surrounding environment, the temperature profile across a
capillary varies from higher temperatures at the center to lower temperatures at
the walls. The combination of these factors results in a flow profile much like that
seen in laminar flow conditions (Figure 1.3). The higher diffusion and lower
viscosity caused by joule heating at the center of the capillary allows for greater
ion mobility compared to that at the walls, resulting in a parabolic flow profile.
The higher ion mobility also results in increased current, which further
exacerbates the joule heating according to equation 1.7, creating a kind of

feedback loop?® % 40,
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There are two ways to account for joule heating’s impact on peaks in CE;
attempting to minimize the impact of joule heating on peak dispersion through
tailoring experimental conditions or specific calculation of the variance
contribution due to joule heating through the use of theoretical models. The
simplest way to address the influence of joule heat on experiment reproducibility
is to minimize the variables in equation 1.7 that contribute to heating. Careful
selection of buffers and applied voltages can minimize the current that flows in a
CE experiment, which reduces the joule heating. In addition, minimizing the
diameter of capillaries used in the experiment can further reduce the joule
heating®. Optimizing the heat transfer from the capillary to the surrounding
environment through forced air or fluid convection can dissipate the joule heat
quickly to minimize its impact**. Because the flow profile induced by joule
heating is parabolic, it has been suggested that the dispersion due to joule
heating can be counteracted through application of pressure driven flow in the
opposite direction. This method showed some promise in wider bore (400 um)
capillaries*°.

The drawbacks to the manipulation of experimental conditions in CE to
minimize joule heating is that conditions are usually chosen based on the
analytes being studied and the equipment on hand. Minimizing current is
sometimes impossible due to the buffer conditions necessary for the analysis.
Smaller capillaries can reduce the amount of sample in the sample peak to levels
that are difficult to detect*®. In addition, one must consider cost in choosing the

capillaries used for the experiment, and specialized capillaries of smaller sizes
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may prove to be prohibitively expensive. Many commercial instruments include
air or liquid convection to promote capillary cooling, but joule heating was still
found to impact experimental results®. Finally, selection of pressure flows that
cancel the dispersion due to joule heating requires extensive and time
consuming control experiments for the experimental conditions used.

If joule heating cannot be eliminated experimentally, it becomes necessary
in any analysis of peak variance to account for it analytically. There have been a
number of approaches to this problem®4'*5_ Analytical treatments have
focused on either determining the temperature inside the capillary through
measurement, or treating the contribution to variance theoretically. Grushka et
al. have theoretically derived an expression for the variance due to joule heating
in a typical CE experiment:

g2 _I'E‘CiBINY
M 1536D k2T

(1.8)
where r is the capillary radius, E is the applied electric field, C, is the buffer
concentration, B is a buffer related viscosity constant, A is the equivalent
conductance of the electrolyte solution, ¢ is the timescale of the experiment, D,

is the diffusion constant of the peak-producing analyte, &, is the Boltzmann

constant, and T is the absolute temperature® *°. While this expression is useful

for experimental design, it is not routinely used for analysis of peak variance due
to its numerous assumptions concerning experimental conditions*'. Davis et al.*’
modified Grushka'’s treatment by taking into account the fact the diffusion

constant of the analyte is not constant as assumed by equation 1.8, but is
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temperature dependent, and thus is likely to have different values at different
points in the capillary. Despite this treatment, the authors freely admitted that
their modified equation still made numerous assumptions that may hinder its
application to experimental results*’. In addition, it has been found that the
temperature variation due to joule heating can vary significantly axially as well as
radially, a fact which no theoretical treatment of the variance due to joule heating
takes into account*> “°.

A number of control experiments have been developed to directly
measure the variance due to joule heating or the increased temperatures due to
joule heating. Fluorescent dyes exhibit a temperature dependent quantum
efficiency, and experiments have shown that it can be used to measure the
temperature inside the capillary during a CE experiment** *°. Macka et al. have
also shown that control experiments can be used to monitor the variability of
EOF, electrophoretic mobilities, and buffer conductivity at different applied
voltages*>**. These control experiments can then be used to adjust for the
impact of joule heating on experimental results.

Joule heating is a fairly well understood phenomenon, and a number of
methods have been developed to account for or negate its impact on CE
experiments. Though many of these techniques show promise, the fact remains
that the complexity of joule heating makes it difficult to analytically study its
impact on peak variance in CE. Indeed, the assumption most often made with
respect to joule heating’s impact on peak variance is to assume that it is

negligible.
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1.2.4 Other Contributions to Peak Variance:

Diffusion, sample injection, wall adsorption, and joule heating are the most
commonly referred to sources of peak variance in CE experiments, but some
additional sources of variance warrant mentioning. Electromigration dispersion
resulting from conductivity differences between sample and run buffers is another
source of peak variance that must be accounted for'® 283247 pye to the fact
that the sample zone of a CE experiment has different ionic components than the
background run buffer, its conductivity will be different. This difference in
conductivity causes ions in the sample buffer region to experience different
electrically driven forces than ions in the run buffer. As the experiment
progresses the variable forces acting on identical ions in different regions of the
sample zone can lead to dispersion of the sample zone, impacting the peak width
of the electrophoresis experiment. A common manifestation of this in
electropherogram peaks is peak tailing like that seen in figure 1.4%. Another
phenomenon linked to electromigration dispersion is the existence of system
zones in CE experiments*®. System zones are disturbances in the ion
composition of the run buffer caused by the injection of the sample. These
disturbances can create conductivity differences in both the run buffer and
sample buffer, further exacerbating the problem of electromigration dispersion.
The variance contribution of electromigration dispersion can be minimized by

carefully choosing buffer conditions that minimize conductivity differences.
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Unfortunately, the necessary absence of sample ions in the run buffer means
that there will always be some contribution from electromigration dispersion to
peak width.

Another possible contribution to peak variance that has not yet been

discussed is the phenomenon of buffer depletion®* 4% %

. In capillary
electrophoresis, the voltage is applied through electrodes which are immersed in
buffer reservoirs at either end of the capillary. These electrodes can oxidize or
reduce constituents of the run buffer as the experiment progresses. The
electrochemical reactions at the electrodes can change the composition and pH
of the run buffer, which can cause electromigration dispersion, changes in the
capillary surface chemistry and thus EOF, and changes in the net charge of
analyte molecules through acid-base equilibra. Use of electrochemically stable
buffers and low operating voltages can mitigate these effects, but limit the
flexibility of CE.

Finally, it should be noted that sources of peak variance in CE are often
interdependent. For example, joule heating can change diffusion and the kinetics
and equilibria of wall interactions which can in turn affect the EOF which can then
exacerbate the electromigration dispersion?® 3*. The coupled and unpredictable
nature of these different phenomena effectively make comprehensive peak width
analysis impractical. Specialized applications of CE are required to study such
things as diffusion independently from the other sources of peak variance'® °*¢'.

Now that the limitations inherent to CE data have been discussed, limitations

inherent to the instrumentation and design of CE experiments will be discussed.
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1.3 Addressing Capillary Electrophoresis

Experimental Limitations:

The very nature of how conventional capillary electrophoresis is done
limits its application in a few key ways. Because macroscopic separation of the
samples is required, conventional CE experiments are limited in miniaturization
and speed. In addition, conventional CE is limited by the necessity of multiple
buffers and sample injection steps which add to the instrumental complexity.
Finally, conventional CE requires that all analyte molecules migrate in the same
direction to be detected, limiting the versatility of the technique. Specialized
forms of capillary electrophoresis, such as microchip capillary electrophoresis
and continuous flow capillary electrophoresis, have been developed to address
some of these instrumental limitations. The subject of this dissertation is the
continued development of one such technique, two-beam fluorescence cross-
correlation spectroscopy coupled with continuous flow capillary electrophoresis

(2bFCCS-CFCE).

1.3.1 Microchip Capillary Electrophoresis:

Perhaps the most popular form of specialized CE is the performance of
CE on microfabricated devices. In microchip capillary electrophoresis (MCCE),

lithographic techniques that evolved in the semiconductor industry are used to
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create micron sized fluidic channels in insulating substrates®. Commonly used
substrates for MCCE include glass, polydimethylsiloxane (PDMS), and
poly(methyl methacrylate) (PMMA)® ®2%5 MCCE has two distinct advantages
over conventional CE: 1) MCCE microchannels are formed in a block of
insulating material, which allows for the use of much higher applied electric fields
than those used for conventional capillary electrophoresis, and 2) the ability to
precisely control the fabrication geometry of microchannels allows for more
complex fluid handling than is possible with conventional CE®*"'. The
combination of these two advantages allows for the separation channels used in
MCCE to be fabricated on much smaller scales, which, in turn, leads to faster
analysis times®.

Figure 1.5a"? is a schematic layout of what is perhaps the most popular
design for microchip electrophoresis: the cross-T chip. Figure 1.5b"2 shows a
cross section of the microchannels pictured in figure 1.5a. Figure 1.5¢c and d
depict the sample injection procedure typically used for MCCE performed on
cross-T chips. In figure 1.5a, one can already see the design advantages of
performing CE on microdevices, the crossed design of the microchannels is a
fluid handling capability not available in conventional CE. The microchannels on
the chip also have advantages in joule heat dissipation over the cylindrical fused
silica capillaries used in conventional CE. The high aspect ratio (~80 pm wide by
7.6 um deep, figure 1.5b) allows for more efficient heat dissipation, and thus,
higher voltages’. The ability to apply higher electric fields allows for the

separations to be carried out over 1.65 cm, which is much shorter than the typical
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Figure 1.5: a) "> Schematic of a cross-T chip used in MCCE. The quartz base
and quartz cover plate are thermally bonded. The separation column is 1.65 cm
in length and ~80 um in width. b) 7# Profile of the separation column on the chip
pictured in a). ¢) Step one in a sample injection procedure for a cross-T chip.
High voltage is applied to the sample well, and the sample waste well is kept at
ground while the buffer and waste are kept at half voltage. This causes sample
to migrate from the sample well to the sample waste well, across the intersection
of the microchannels. Arrows indicate direction of flow. d) Step two in the sample
injection procedure. Voltages are switched to high voltage on the buffer well,
ground at the waste well, and half voltage at the sample and sample waste wells.
This causes a plug of sample to be injected into the separation column. Arrows
indicate direction of flow.
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separation distance of conventional CE. This shorter distance allows for fast
separations on the order of 15s. Compare this to the minute timescales typical
for conventional CE®.

The sample injection procedure used in MCCE also has some advantages
over conventional CE. Because of the ability to specially design fluid handling
channels, injection can be achieved without the relocation of buffer solutions.
Instead, injection can be performed by carefully altering voltages applied to the
four wells seen in figure 1.5a. Figure 1.5¢ shows the first stage of sample
injection for MCCE. High voltage is applied to the sample well, and the sample
waste well is kept at ground while the buffer and waste are kept at half voltage.
This causes sample to migrate from the sample well to the sample waste well,
across the intersection of the microchanneis. The voltages are then switched to
high voltage on the buffer well, ground at the waste well, and half voltage at the
sample and sample waste wells, as can be seen in figure 1.5d. This causes the
sample in the intersection of the microchannels to be injected and separated on
the separations channel, while the rest of the sample in the cross channel is
pushed away from the intersection to avoid contamination. This injection
procedure leads to fairly reproducible sample injections”.

The small scale, fast separation times and fluid handling capability of
MCCE allows for much more complex instrumental design than possible with
conventional CE. Figure 1.6" shows an example of the design advantage
available to MCCE. The compact microchip pictured in figure 1.6 was used to

analyze 96 samples of DNA fragments in ~8 min™. The high-throughput
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Figure 1.6"*: Schematic of a 96-sample MCCE array. A is the detection region,
B and C are sample reservoirs, D are waste reservoirs, E are cathode reservoirs,

and F is the anode.
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capability offered by this MCCE device is simply not possible with conventional
CE.

Despite the obvious advantages of performing CE on microdevices,
MCCE is not without its own limitations. First of all, fabrication of microdevices is
more expensive and time consuming than using prefabricated fused silica

capillaries® 8284 75

. In addition, the fabrication process of microchip devices for
CE creates key differences in the microchip electrophoresis channels versus
conventional capillaries. The fused silica capillaries used in conventional
capillary electrophoresis have smooth glass walls and a cylindrical shape, which
minimizes the wall surface area available to the analyte solution. Microchip
electrophoresis channels, however, are fabricated through lithographic methods
which can generate far more variable wall surfaces””’. In addition, the high
aspect ratio of lithographically formed channels can enhance wall effects
experienced by analyte species’. The variable surface roughness and
enhanced surface absorption of microchannels enhance EOF variability, which
leads to increased peak dispersion” 7",

The walls of fused silica capillaries used in conventional CE have fairly
well understood glass surface chemistry. Microchips constructed of glass have
this same chemistry, and so the wall effects in glass MCCE are much the same
as those in conventional CE. Microchips constructed with alternative materials,
such as PDMS, have different wall chemistries which can completely change the

nature of wall adsorption and EOF in MCCE experiments. It has been found, for

example, that the wall chemistry of PDMS can be quite variable and the surface
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much more porous than glass surfaces. This can have a pronounced and
somewhat unpredictable impact on surface adsorption and EOF’®. In some
microchips different materials are used for the base and cover plates, which
result in channels with heterogeneous channel surfaces. Different materials
have different surface chemistries which result in different rates of EOF,
increasing peak dispersion in MCCE’®.

The ability to form complex channel designs on microchips provide several
advantages over conventional CE in terms of fluid handling and experimental
complexity. Unfortunately, complex fluid handling in MCCE is not without
drawbacks. Sample plugs in MCCE devices experience two dispersive effects
not present in conventional CE; traversing channel intersections, and negotiating
channel turns. The intersections commonly used for injection in MCCE can
create complex dispersive effects on the sample plug introduced to the

separations channel”’

. In addition, the fluid pressures experienced by sample
plugs at intersections are quite a bit more complex than conventional CE, and
much harder to control, resulting in possible pressure induced flows which
increase dispersion’®. Finally, many MCCE devices have relatively sharp turns
due to size constraints or fluid handling steps. It has been shown that sample
plugs negotiating these sharp turns experience dispersive effects®.

Performing capillary electrophoresis on microchip offers many advantages
over conventional CE. Unfortunately it also suffers from disadvantages that

conventional CE does not suffer from. Ultimately the decision of whether or not

to use MCCE instead of conventional CE depends on the system one wishes to
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study. The design advantages of MCCE allow for more complex fluid handling,
multifunctional devices, and miniaturization while suffering from some peak
dispersion contributions that are not an issue with conventional CE. Analysis of
peak width in MCCE still suffers from the contributions of multiple sources of

variance which can vary significantly from run to run.

1.3.2 Continuous-Flow Capillary Electrophoresis:

Continuous flow capillary electrophoresis (CFCE) is a technique that
monitors the characteristic electrophoretic flow velocities of individual analyte
molecules in a homogenous solution as they flow continuously through an
electrophoresis flow channel®®®" 8% No macroscopic separation of the
analytes is required. Elimination of the requirement of macroscopic separation
gives CFCE multiple advantages over conventional CE. Because of the
requirement for macroscopic separation in CE, the separation efficiency and
peak variance of CE depend on the separation length (equation 1.4). This limits
the potential of miniaturization for CE. CFCE does not require macroscopic
separation of components, and therefore has much more potential for
miniaturization. For example, it was recently demonstrated that CFCE analysis
of DNA fragments could be carried out on a 0.7 mm column with a resolution that
was equivalent to that of a CE separation on a 0.4 cm column.?® Furthermore,
the elimination of complex buffer conditions and the injection step necessary for

macroscopic separation reduces the complexity of the instrumentation necessary
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for CFCE. These improvements also eliminate much of the complexity in CE
data that makes comprehensive analysis difficult or impossible. As an example,
the diffusion constant is easily attainable using CFCE techniques, and nearly
impossible to accurately determine using conventional CE®® %% Finally, the
migrating analyte molecules are typically monitored on timescales far shorter
than conventional CE, which opens the door for studying phenomena that occur
on timescales too fast for monitoring using conventional CE>%51- 88 89

The key to CFCE experiments is the method of detection used. Efficient
detection and identification of single analyte molecules is imperative to the
successful application of this technique. Detection methods for CFCE include

81, 82, 87

dynamic light scattering , sequential single molecule fluorescence

84-86

detection®, single molecule fluorescence imaging , and various incarnations

of fluorescence correlation spectroscopy (FCS) €0 88-98,

Ware and Flygare first demonstrated the concept of CFCE in the early
1970’s using dynamic light scattering (DLS) as the detection method®" #2. The
authors were able to simultaneously obtain the electrophoretic mobility and
diffusion coefficient of bovine serum albumin (BSA) molecules®! 82, BSA
dimers®!, and fibrinogen®'. This was accomplished by measuring the frequency
broadening (related to diffusion) and frequency shift (related to the mobility) of
Rayleigh scattered laser light®?. The DLS-CFCE technique showed the promise
CFCE had for overcoming some of the limitations of conventional capillary

electrophoresis, but suffered from some weaknesses that limited its use. First of

all, the capillaries used in the experiments were large in comparison with the

34



modern fused silica capillaries used in capillary electrophoresis. Convection
induced by joule heating was a major concern, and the electric field could only be
applied for very short periods in an attempt to limit convection’s impact on
measured migration velocities. The other, more significant weakness is that the
DLS-CFCE technique is only sensitive to macromolecular motions. This severely
limits the range of analyte molecules capable of being studied by DLS-CFCE.
Ideally, a CFCE technique would be able to monitor both small and large
molecules, and for this reason, fluorescence-based CFCE techniques have found
the widest acceptance.

The first reported fluorescence-based CFCE analysis technique was the
single molecule electrophoresis (SME) experiment of Castro and Shera.?® SME
uses single molecule fluorescence detection to measure the electrophoretic flow
velocities of individual molecules as they flow sequentially through two spatiaily
offset excitation laser beams. The focal region of each laser was 10 ym in
diameter and the distance between the two was 250 um. There are several
advantages in using the SME technique. SME was sensitive to analyte
molecules present in femtomolar concentrations; a level of sensitivity not
matched by conventional CE. In addition, the data was collected over a length of
250 um and a timescale of 100s of ms, indicating the potential of SME in
miniaturized high throughput devices, and far outstripping the capabilities of CE.

SME was not without its weaknesses. The picoliter sized focal volumes of
the laser produced high levels of background due to Raman scatter, and so

analyte molecules required multiple chromaphores to obtain sufficient signal-to-
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noise ratios. This limited the technique to larger molecules. More importantly, in
order to obtain migration information, molecules had to be detected in both focal
regions. This meant that analyte molecules had to traverse the 250 um distance
between the laser beams in a straight line. This is a problem for smaller
molecules, as they diffuse rapidly and are likely to migrate out of the path
between laser beams, also limiting SME'’s application to larger analyte
molecules. Finally, though more sensitive than CE, SME was limited to analyte
concentrations in the femtomolar range due to the requirement that the mean
laser occupancy be less than 1 analyte molecule. This severely limits the choice
of sample solutions used for the technique. Once again, though SME showed
promise as a CFCE technique, it saw limited application due to its stringent
requirements of analyte size, brightness, and concentration.

Yeung and coworkers expanded on the concept of SME by introducing the
technique of single molecule imaging electrophoresis (SMIE).?*® These authors
imaged the fluorescence from individual fluorescently labeled DNA fragments in
parallel using a CCD camera. Electrophoretic flow velocities were determined by
recording multiple image frames and monitoring the change in position of each
molecule in successive frames, or by recording a single frame while pulsing the
excitation laser, thereby producing a series of spatially offset fluorescence
images from each molecule. The temporal resolution of these methods, as
determined by the exposure frequency or the laser pulse frequency, was 50-ms.
Like SME, SMIE has the advantage of extremely high concentration sensitivity.

Typical analyte concentrations ranged from femto- to picomolar. In addition, the
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fluorescence imaging technique has the advantage of high throughput, since
many molecules can be detected in parallel. Unfortunately, SMIE suffers from
some of the same issues that negatively impact SME. The CCD cameras used
are only sensitive to species labeled with multiple chromaphores, limiting the
application to larger species. The dynamic range of the experiment also limits its
use to extremely dilute concentrations that may not be practical for routine use.
Though this technique is perhaps the most promising CFCE technique for high-
throughput analysis, it has seen limited application due to its experimental
constraints.

The most widely reported form of detection for CFCE is fluorescence
correlation spectroscopy (FCS), in various forms®® %889 FCg is a solution-
phase optical technique that is used to monitor time-dependent fluctuations in the
fluorescence intensity from a small subvolume of the solution, defined by the
near diffraction-limited focal region of an excitation laser beam. FCS provides
the highest temporal resolution for CFCE analysis because molecular transit
times of individual molecules through these small volumes (or between different
volumes) are typically tens of microseconds to milliseconds. Hence, confocal
microscopy-based FCS is appropriate for characterizing more rapid fluctuation
processes than any of the other CFCE techniques reported to date. Aithough
FCS can also be performed on molecules flowing through a stationary
interference pattern created by crossed excitation laser beams,*® these
techniques generally have lower temporal resolution (tens of milliseconds) than

the confocal microscopy approach. The total duration of FCS experiments is
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also much shorter, on average, than conventional CE. Relevant FCS data can
often be obtained on timescales of seconds, which is much faster than the
minute timescales typical of conventional CE. FCS has also been demonstrated
to efficiently detect single chromaphores, which allows FCS-CFCE to be used for
a much wider range of fluorescently labeled analyte molecules than the other
CFCE techniques discussed. While FCS does not match SME or SMIE’s low
limits of detection, it has been shown to be responsive to a much greater
concentration range®.

FCS-CFCE was first demonstrated by Keller and Van Orden® in an
experiment which demonstrated its ability to discriminate diffusion and
electrophoretic migration information from a mixture of rhodamine 6G fluorescent
dye (R6G) and rhodamine 6g labeled deoxycytosine triphosphate (R6G-dCTP).
The experiment was the first to demonstrate CFCE detection of single
chromaphores, but suffered from the fact that the data output of single focus
FCS-CFCE is a single curve. This means that information pertaining to different
analyte molecules can be difficult to extract from the data, much like diffusion is
difficult to extract from CE peak width, which is also dependent on multiple
factors.

Van Orden and LeCaptain later demonstrated the use of FCS-CFCE to
monitor the interaction of fluorescently labeled single-stranded DNA with single-
stranded binding protein (SSB). Dissociation constants obtained from their
analysis agreed well with values obtained using conventional CE. The

advantage of FCS-CFCE analysis over its CE counterparts was the much shorter
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required analysis times of FCS-CFCE. The drawback, like that of the earlier
FCS-CFCE demonstration by Keller and Van Orden, was that the generation of
data in the format of a single curve limited its applicability to simple systems. In
addition, single focus FCS-CFCE cannot be used to determine flow direction,
which can pose a problem for discriminating between ions flowing in opposite
directions at the same speed.

In response to the disadvantages of single focus FCS, Brinkmeier and
Rigler introduced the technique of two beam fluorescence cross correlation
spectroscopy (2bFCCS)® for the investigation of flow in microdevices. Because
of its ability to monitor flow, it was soon combined with CFCE to monitor EOF in
microdevices®®. This technique is conceptually similar to the SME technique of
Castro and Shera® in that molecular transit imes between two spatially offset
detection volumes are measured to determine the molecular flow velocities.
However, 2bFCCS-CFCE uses smaller detection volumes (femtoliters vs.
picoliters) that can be positioned much closer together (micrometers vs.
hundreds of micrometers), enabling smaller transit times of ~100 ys to ~10 ms to
be measured. 2bFCCS-CFCE has been used primarily for characterizing
molecular flow profiles in microfluidics devices®* *®. Van Orden and LeCaptain
were the first to demonstrate the use of 2bFCCS-CFCE in the analysis of
multicomponent mixtures®®. The advantage of 2bFCCS-CFCE, relative to single
focus FCS-CFCE, is that it resolves the different components of a mixture into
separate electropherogram peaks corresponding to the molecular transit times of

each species. In addition, Fogarty and Van Orden®® demonstrated that it could
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determine the direction of analyte migration, which allows the simultaneous
monitoring of both positive and negative ions migrating in opposite directions.
Radler and Bayer®' have demonstrated the use of 2bFCCS-CFCE to
simultaneously measure the electrophoretic mobility and diffusion constant of
double-stranded DNA, a measurement impossible with conventional CE.

The technique of 2bFCCS-CFCE is perhaps the most versatile CFCE
technique. This single molecule technique aliows for the use of homogeneous
buffer systems, which negates many of the problems associated with data
analysis in conventional CE. In addition, the measurement is performed over a
distance of microns, which shows the potential for miniaturization far beyond that
available to other CE related techniques. The ability to simultaneously monitor
diffusion and mobility information of singly labeled analyte molecules allows for
greater versatility and analytical power than other specialized CE techniques.
Finally, the ability to simultaneously monitor ions flowing in opposite directions

overcomes another limit to CE’s versatility.

1.4 Summary

This dissertation addresses work done to harness the full potential of the
promising 2bFCCS-CFCE method. In the next section, the history and theory of
2bFCCS-CFCE will be laid out in more detail. Following that, three experiments

that illuminate 2bFCCS-CFCE’s potential for expanding the versatility and
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analytical capabilities of CE-based methodologies that have been demonstrated,
will be described. The first experiment demonstrated for the first time the
potential of 2bFCCS-CFCE in the analysis of multicomponent samples containing
fons migrating in opposite directions. The second experiment repeated the
analysis of the first experiment on microdevices like those of MCCE. The
microdevices used had the potential for miniaturization beyond that available to
MCCE devices used in separations-based CE. In addition, the fluid handling
required for 2bFCCS-CFCE on a microchip is far simpler than that required using
conventional MCCE, which allows for more versatility in design. The third
experiment demonstrated the ability of 2bFCCS-CFCE to probe the effective
charge of DNA in the presence of magnesium counterions; the first
demonstration of such a measurement by a CE-based technique. This was
possible because of 2bFCCS-CFCE’s unique ability to overcome the obstacles
that prevent such a measurement using conventional CE. These three
experiments showed the promise of 2bFCCS-CFCE to expand the analytical
capabilities of CE-based measurements. The final section will look to the future
of 2bFCCS-CFCE and highlight some areas where the analytical power of this
technique could provide scientific insights and design capabilities unavailable to

other CE-based methods.
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Chapter 2: Background and Theory

This chapter discusses some of the background and theory behind the
2bFCCS-CFCE technique. It contains aspects of a 2004 review | contributed to

in the journal Applied Spectroscopy’.

2.1 Introduction

This dissertation is concerned with work performed in the development of
a powerful analytical technique, two-beam fluorescence cross-correlation
spectroscopy coupled with continuous-flow capillary electrophoresis (2bFCCS-
CFCE). As discussed in the introduction, the importance of this technique lies in
its unique method of fluorescence detection and analysis, which allows capillary
electrophoresis (CE) experiments to be performed under conditions that expand
the analytical capabilities of the technique. This section will discuss the
background and theory pertinent to the development and application of this
method of fluorescence analysis. In addition, the instrumentation and data

collection tools used in the application of the technique will be discussed.
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2.1.1 Basic Concepts

A major advance in our ability to measure the diffusion and flow of
microscopic and sub-microscopic particles occurred in the late-1960s and early
1970s with the development of dynamic light scattering (DLS)? 2. Itis no
coincidence that the advent of these methods followed closely behind the
invention of the laser. When a laser beam irradiates a suspension of particles,
some of the laser light is elastically scattered by the particles at angles other than
the angle of incidence. Because laser light is coherent, the scattered light from
multiple particles can interfere to produce variations in the scattered light
intensity at different scattering angles. Motion of the particles causes local
variations in the particle concentration, which gives rise to fluctuations in the
intensity distribution of the scattered light intensity profile. In one of its
implementations, DLS monitors the intensity fluctuations at a given scattering
angle and then uses a statistical analysis technique referred to as autocorrelation
analysis to characterize the time dependence of these fluctuations.

Beginning in 1972, Elson, Magde, and Webb published a series of papers
describing a fluorescence-based analogue of DLS, which they referred to as
fluorescence correlation spectroscopy (FCS)*”. FCS, like DLS, uses
autocorrelation analysis to monitor intensity fluctuations of light. FCS monitors
fluorescence intensity fluctuations, while DLS monitors intensity fluctuations of
scattered light. This technique was proposed because analyzing the molecular

motion by monitoring the fluorescence signal imparts several advantages over
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measurements based on light scattering. Fluorescence is more chemically
selective than light scattering, and allows greater flexibility in studying the motion
of specific analytes. Also fluorescence can be detected from molecules that are
much too small to be detected by DLS, which allows one to characterize the
motion of small molecules as well as large macromolecules.

At the time that the concept of FCS was introduced, it was a technique
that was exceedingly difficult to implement. In large ensembles of molecules,
fluorescence intensity fluctuations average out. For this reason, FCS analysis
requires the ability to monitor the fluorescence of single molecules or very small
ensembles of molecules. At the time, the optical components available were
unable to detect the fluorescence signal from single molecules. Microscope
components in the 1970’s created detection volumes on the scale of picoliters,
compared to the femtoliter detection volumes possible today. The larger focal
volumes resulted in the backscattered light intensity exceeding the fluorescence
emission of an individual molecule. In addition, the single photon counting
detectors critical to modern FCS analysis had yet to be developed, so even if the
fluorescent signal from individual molecules exceeded the background, it could
not be detected’. It was not until the 1990’s that crucial advances in optics
created renewed interest in FCS analysis.

In 1990, Keller and coworkers successfully demonstrated the detection of
single molecules®. In the mid 90’s, Rigler and coworkers and Zare and
coworkers demonstrated that confocal microscopy could be used to directly

detect the fluorescence from individual molecules as they diffused through the
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solution®'2. Confocal microscopes capable of detecting single molecules at high
time resolutions generated renewed interest in FCS; made apparent by the
dramatic rise in the number of publications that use FCS analysis'*?2

Confocal microscopy has been an important biological imaging tool for
many years®>. Its intended purpose is to create micrometer resolution
fluorescence images of biological specimens and other materials. In fluctuation
spectroscopy, the confocal microscope is used more as a chemical analysis tool
for analyzing extremely small sub-volumes of dilute solutions, than as an imaging
device, although it should be noted that intracellular imaging is another important
area where FCS has started making an impact. FCS is normally done by
focusing an excitation laser beam to its diffraction limit using a high numerical
aperture (NA) microscope objective, positioning the focal region into the analyte
solution, and monitoring the fluorescence generated from the focal volume over
time. The same objective lens also serves to collect fluorescence from the
sample, an arrangement referred to as epi-illumination. A smali pinhole,
positioned at the image plane of the objective (the position where the image
comes into focus behind the rear aperture of the objective), acts as a spatial filter
to block fluorescence generated outside the focal region from reaching the
detector, thus ensuring that only the fluorescence generated within the focal
region can be detected.

The spatial distribution of the light intensity within the laser beam focus
serves as the detection volume. The size of the detection volume can be

estimated by assuming a cylindrically shaped focal volume with radius, o,, and
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height, 2zo, where z; is the axial radius of the focal volume. wo,and z, are related

to the NA of the objective, the wavelength of the excitation light, and the index of
refraction, n, of the sample medium according to the equations:

Lo_l2a o
0 0 (NA)2

2-NA 2.1)

In an experiment that utilizes a 1.3 NA objective, a 514.5-nm laser beam as the
excitation source, and an aqueous medium (n=1.33), the resulting detection
volume is ~0.3 femtoliters. This extremely small detection volume is important
for several reasons; it suppresses the background noise caused by
backscattered laser light, it enables optical excitation of the fluorophores to their
saturation point using a modest average laser power (<1-mW), it ensures that the
number of fluorophores being probed at any given time is small, and it allows
extremely smail volume samples (microliters or less) to be analyzed.

Other aspects of confocal microscopy that are important for single
molecule detection include the high collection efficiency of the objective lens
(~25-% for a 1.3 NA oil-immersion objective), the high transmission efficiency of
the optical components in the wavelength range of interest, and an efficient
single photon counting detector. Modern single photon counting avalanche
photodiode modules are able to detect visible photons with 30- to 70-% quantum
efficiency. All-in-all, collection/detection efficiencies of 5- to 10-% are attainable
with modern confocal microscope setups. Considering that many quordphores
can emit up to 10° to 10® photons per second (prior to photobleaching) when
pumped near their optical saturation point, this can lead to photodetection rates

that exceed 10° photons per second per molecule, albeit over brief time periods.
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Modern fluorescence fluctuation analysis takes advantage of the fact that
dilute solutions (sub-nanomolar to sub-micromolar) of fluorophores exhibit large
amplitude fluorescence intensity fluctuations when probed by single molecule
confocal microscopy. Large amplitude fluctuations arise because the average
number of fluorophores occupying the detection volume (i.e. the occupancy) is
small compared to the deviation from the average at any given time. Random
diffusion or induced flow of fluorophores into and out of the detection volume
ensures that the number of fluorophores being probed is never the same from
one moment to the next. Consider, for example, an analyte concentration of 1-
nM. At this concentration, the average number of fluorophores within a 1-
femtoliter detection volume is ~0.6 molecules. This means that, on average, the
occupancy fluctuates between zero and one, corresponding to deviations from
the mean occupancy of 0.6 and 0.4, respectively. If the microscope is properly
configured for single molecule detection, then the fluorescence signal will be
characterized by “quiet” periods, during which only background noise is
observed, punctuated by brief, intense “bursts” of signal, due to the passage of a
single molecule through the detection volume. The durations of the bursts are
characteristic of the diffusion or flow rate of the molecules, with average burst
durations typically ranging from a few tens of microseconds to a few
milliseconds, depending on the molecule’s diffusion rate and migration velocity.

At fluorophore concentrations between ~10- and 100-nM, the number of
molecules occupying the detection volume varies about a certain mean value.

The fluorescence data collected under these conditions is still representative of
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individual molecule transits even though more than one molecule is being probed
at a time. As the concentration is increased above ~100-nM, two things happen.
The deviation in the occupancy becomes small compared to the average
fluorescence signal, and the detector starts to reach its saturation point. This
requires lowering the laser power, thus reducing the molecular brightness of the
fluorophores. These two affects place an upper limit on the fluorophore
concentration in FCS analysis. At the lower end of the concentration scale, the
lengthy time interval between detected molecules becomes a limiting factor, as
does the presence of fluorescent impurities. In general, fluctuation analysis is

useful for analyte concentrations in the range of ~0.1-nM to ~100-nM.

2.1.2 Theory

As a starting point for the discussion of theory, the autocorrelation function
derived from fluctuations of fluorescent intensity due to diffusion in a single
excitation region will be examined. The discussion will then move on to two
focus excitation cross-correlation analysis which requires the addition of a
uniform flow in concert with diffusion. In the case of 2bFCCS-CFCE, the source
of uniform flow is the applied electric field which causes analyte migration
dependent on size and charge.
2.1.2.1 Autocorrelation

In autocorrelation analysis the intensity fluctuations that are measured in a

single laser excitation region are caused by concentration fluctuations of the
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Figure 2.1: A schematic of the focus of laser beam with axes and dimensions
defined. The border of the focal region is defined as where the laser intensity

drops to 1/¢? the intensity at the center.
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fluorescent species involved. Figure 2.1 depicts a schematic of the laser focus.
The volume is determined by w, and z,, the dimensions at which the incident
laser intensity, I, drops to 1/e° the laser intensity at the center of the focus, I, in
the xy plane and z axis, respectively. The correlation of these concentration
fluctuations can be represented by a concentration correlation function,

D, (r,r',z), which compares the size of the concentration fluctuation of
component j atone position and time to the size of the concentration fluctuation
of component / at another position and a time z later. The concentration of the
j th component at position r and time ¢ can be represented by Cj(r,t). The
mean thermodynamic concentration of this component is independent of position

and time, and can be represented by: C, =(C,(r,t)). The concentration

fluctuation at position r and time ¢is &C,(r,¢)=C,(r,t)-C;. With this information
the concentration correlation function can be defined as®:
D, (r,r',z')z <5Cj(r,t)5C,(r,t +T)> (2.2)

For v's which are short compared to the characteristic times of diffusion and
reaction @y (r,r’,7) = Q;(r,r’,0). ©;(r,r’,0) is independent of change, and therefore
can be calculated from equilibrium properties alone. For v’s much longer than
the characteristic times of occurring processes, @(r,r’,t) = @;(r,x’,©0) =0. The
rate at which @;(r,r’,7) decays to zero with increasing t gives a measure of how
quickly diffusion, flow, and chemical reaction change the configuration of the

system.
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In order to express the concentration correlation function in terms of
measured fluorescent intensity fluctuations, one must find an expression for the
measured fluorescence intensity, i(t), from a detector in terms of the

concentration functions discussed above®:
i(t)= Kz £,0, Il(rﬁ'j(r,t)cfr (2.3)
J .

The factor x represents the percentage of fluorescent photons that are converted
into photocounts, accounting for losses due to optics and the quantum efficiency
of the detector. ¢; is the optical extinction coefficient of the jth component. Q; is
the fluorescent quantum efficiency of the jth component. I(x) is the intensity of
incident laser light at position r. The laser intensity at any point is dependent on

the position relative to the center of the laser focus, which has an intensity of I;:

x? +y2 z* . .
I{r)=1I,exp| - 2——; —-2—|. Fluctuations in the photocounts can be
@y 2y
represented by:
sift) = ie) - (i) (2.4)

The temporal autocorrelation of the photocounts (after normalization) can be

calculated from the intensity fluctuations as®:

Si(t)i(t + 7))

N
o)==

Recall the concentration correlation function, @ ,(r,r',7)=(8C,(r,1)5C, (r,z+7)). In

(2.5)

the simplest case where there is only one fluorescent component in solution,
there is only diffusion occurring, and the solution is ideal (solutions in FCS are

dilute to the point where this assumption is justified), fluctuations caused by
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different molecules are completely uncorrelated. This simplifies the
concentration correlation function to the case for one species, ;,

@ ,(r,r',7)=(8C,(r,1)5C,(r,1 + 7)), which allows the transformation of equation 2.5
into®:

HI (), (r,x',7)d’rd’r'

G@: (2.6)

( ”%%ZEQCJ

2
Here, ( 3/26022028 0, C, ) is equivalent to(i}z. Simplification of equation 2.6

gives®:

V2
1 1 1
G(T)z—]—\’-(l+r/rd)(l+/<§ T/de @7)

where N = 7"wlz,C;, or the average number of fluorophores in the focus

2
. . (4]
volume, «x, is the ratio w,/z,,and 7, =—2

, Which is the average time a
J

moleculej with diffusion constant D; resides in the focal volume. Figure 2.2
depicts experimentally-determined fluorescent time traces and theoretical
autocorrelation functions derived from the calculation of equation 2.7 for two
different concentrations of fluorophores. The concentration dependence of
equation 2.7 can clearly be seen: fluorescent time trace a is of a sub-nM solution
of fluorophores, and the individual bursts can be seen clearly above the

background, fluorescent time trace b is of a >10-nM solution of fluorophores in

60



timé (s)

T
0.001 0.01 0.1 1 10

T (ms)

Figure 2.2: Time dependent fluorescent photon count data (a,b) and theoretical
autocorrelation functions calculated using equation 2.7 (c) for two different
sample solutions of the fluorescent dye Rhodamine 6G (R6G). The red trace in a
is photon count data from a sub-nM solution of R6G. Photon bursts from single
molecules are clearly resolved. The red trace in ¢ was calculated using equation
2.7 and the data from a. The blue trace in b is photon count data from a >10-nM
solution of R6G. The solution is too concentrated to clearly discern single
molecule bursts. The blue trace in ¢ was calculated using equation 2.7 and the
data from b. The dependence of the amplitude of the autocorrelation on
concentration can be seen in c; the solution with higher fluorophore concentration

results in autocorrelation functions with lower amplitude
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which the fluorescent fluctuations due to concentration fluctuations are much
more difficult to observe.
2.1.2.2 Two-Beam Cross-Correlation

In two-beam cross-correlation (2bFCCS) analysis, the correlation analysis
is a comparison of fluorescence intensity fluctuations in one volume (V) to
fluctuations in a spatially separated, equivalently sized volume (73) at a time ¢
later. The volumes are formed by two laser foci, spatially separated by a
distance R (see Figure 2.3). In this situation, diffusion alone is not sufficient to
transport molecules from one beam to another in enough numbers to generate
meaningful correlation data. This problem is overcome by introducing uniform
flow (at least on the scale of the foci) either through electrophoretic flow or
pressure-driven flow. The theoretical derivation for cross-correlation analysis
mirrors that of autocorrelation analysis, except that the comparison of fluorescent

intensities is between two, spatially separated volumes®* %%

) <i1 (t,;)z'2 (t +7, ;)>
%=

(2.8)

where #1(t, ) and i)(z + 7, ¥') are the fluorescent intensities measured at focal

volume 1 and 2 at times ¢ and ¢ + 7 respectively as a function of their respective

coordinate systems (» = (x,,z), 7 = (x',3',2')). Note that the cross correlation can

be reversed:

(2.9)
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Figure 2.3: Schematic of the two, spatially-separated laser foci used in two-

beam fluorescence cross-correlation spectroscopy with axes, dimensions and
flow directions defined. R is the distance along the x-axis between the foci. V.
and V. represent the migration velocity of the fluorophore in the forward case and

the reverse case, respectively.
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Where focus 1 is now the volume monitored at time delay, z. Equation 2.8 is said

to be the “forward” correlation, or G, (r). Theoretical derivation conceptually

similar to the autocorrelation case yields?* 2°;

oot Gy ]

N\l+7/t, \1+xl 7/, wl(l+7/7,) z§(1+7c§‘r/rd)

Note that this resembles the autocorrelation function with an exponential

expression added to take into account the flow and distance between focal

volumes. 17,, is the xy component of the flow that transports the fluorophore from

focus 1 to focus 2, and V, is the z component of the flow. R is the distance
between the two foci. If the spatial separation of the two focal volumes is solely
on the x-axis, and the flow is also confined to the x-axis, equation 2.9 simplifies

t024.

1 1 Y R*(i-7/r.)
GF(T):R’_[1+T/T‘,J[1+K§T/TdJ exp{— a)02(1+r/rd)} (2.10)

where R is the spatial separation of the two foci on the x-axis, and 7 is the
characteristic time it takes the fluorophore to traverse the distance between the

two foci, given by 7. = R/V,, where V. is the velocity of flow along the x-axis.

For Gg(7):

11 ) R*(+7/7,)
GR(T):E[1+T/TdJ(1+K§‘r/rdj expli—— a)02(1+‘r/‘rd)} (2.11)

The addition here that replaces the subtraction in the forward correlation

expression is due to the fact that the fluorophore must migrate with negative
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velocity to contribute to the reverse cross-correlation function. It should be noted
that the forward and reverse correlation functions are completely independent of
one another. Forward cross-correlation analysis is only sensitive to fluorophores
migrating from focus 1 to focus 2, while in reverse cross-correlation only
fluorophores migrating in the opposite direction are measured. Figure 2.4
depicts a representative, experimentally-obtained cross-correlation function and
its theoretical fit obtained from the calculation of equation 2.10. Note that this
function is conceptually similar to the electropherogram peaks obtained from
conventional CE experiments. At low 7 the fluorophore has not had sufficient
time to migrate from focus 1 to focus 2, resulting in zero correlation. At high z the
fluorophore has migrated past focus 2 and no longer contributes to the
correlation. Itis only at r values near zr that the fluorophore is present in focus 1
at time ¢ and focus 2 at time ¢ + 7 to generate cross-correlation signal. The

function rises to a maximum at 7,4«

TZ o ) 12 » 232 o , 1/2
=, +—| =2 |+ o R I I 24 g I B 8 2.12
Tmax [Td 2Td ( R) ] (Td 2Td [ R) J F[ [R) } d'F ( )

In the case where R>> wo, 7, =~ 7.

max
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Figure 2.4: 2bFCCS data (black dots, black solid line) and theoretical fit
obtained from equation 2.10 (red solid line). The experimentally determined data
was obtained from a ~2.5 nM solution of Rhodamine 6G labeled single-stranded
DNA (40-mer of polythymine) electrophoretically migrating in the forward
direction. The only significant signal appears in the forward channel (black dots).
No discernable signal appears in the reverse correlation channel (black solid line)
because there were no fluorescent species migrating in the opposite direction of

the DNA. The red solid line is a fit to the experimental data using equation 2.10.
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2.2 Measurement of Correlation Functions

2.2.1 Calculation

In confocal microscopy-based FCS single photon counting methods are
used to measure the autocorrelation function. Experimentally, this is
accomplished by accumulating the detected photons into successive time bins of
duration Ar. The fluorescence intensity, i(z), at any given time is equivalent to
the number of detected photons, n;, divided by the time interval, At,
corresponding to ¢ =iAr. The autocorrelation function for a given lagtime is
calculated from Equation 2.13, after an appropriately large number of time

intervals have been accumulated':

G(r)=(M - k)AgkninHk / (zkni )2 (2.13)

Here, M is the total number of time bins, and % indicates the time interval
corresponding to lagtime = =kAr. In practice, it is often convenient to allow the
lengths of the successive time intervals to vary. Photons are initially collected
into time bins of a few nanoseconds duration. Subsequent photons are then
accumulated into time bins of increasingly longer durations ranging from tens of
nanoseconds to seconds. This “multiple-tau” technique imparts sensitivity to
fluctuations over a broad range of time scales (nanoseconds to tens of seconds)

without requiring excessively long data accumulations.
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In the case of cross-correlation analysis, equation 2.13 takes on the

form?®:

M-k

an(t n, (t+7)

G ()= M-k (2.14)

(ﬁ) M_kn1 (t) Z_:nz (t+7)

1=

Where n, is the photocounts obtained from detector 1 monitoring focus 1, and »;
corresponds to the photocounts obtained from detector 2 monitoring focus 2. In
reverse correlation, the »; and », terms are switched. Note that if both #’s were
measured from focus 1, or both were measured from focus 2, equation 2.14

would simplify to equation 2.13.
2.2.2 Instrumentation

2.2.2.1 Capillary Preparation

2bFCCS-CFCE is a specialized capillary electrophoresis technique that
uses a unique method of detection, yet it is still a capillary electrophoresis
technique, and so choosing an appropriate capillary and preparing it for
experimentation was an important part of performing a 2bFCCS-CFCE
experiment. The capillary chosen for the experiments was a 50-pym inner
diameter, 375-ym outer diameter square-bore fused-silica capillary (Polymicro,
Phoenix, AZ), which was coated on the outer surface with polyimide. Commonly,
the capillaries used in CE are cylindrical?’. Square-bore capillary was chosen

for the 2bFCCS-CFCE technique because the flat, rectangular surfaces allow for
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easier focusing of the lasers into the capillary. Cylindrical capillaries were found
to have lensing effects on the lasers, causing distortions in the shape of the laser
foci imaged in the capillary. The polyimide coating on the outer surface of the
capillary serves as support for the fused silica, making it much harder to break,
but also acts as a barrier to imaging the lasers in the capillary. In order to
monitor fluorescence occurring inside the capillary, it was necessary to burn a
~1-cm window in the polyimide coating. This was accomplished one of two
ways, either a match was used to burn off the coating using a flame, or 75°C
H,SO,4 was used to dissolve the polyimide coating. The capillary was then
mounted on a stage, and laser foci could be aligned inside the capillary. The
total distance from the outside window wall to the center of the capillary was
~170um, or roughly the thickness of a microscope cover slip.

As discussed in the introduction, wall effects can have negative effects on
capillary electrophoresis, and so coatings are often applied to minimize analyte-
wall interactions. It was found that 2bFCCS-CFCE was also negatively impacted
by wall effects, and so a procedure adopted from Belder et al.?® was used to
apply a coating of poly(vinyl alcohol) (PVA, My = 4x10* g/mol, Sigma) to the
interior wall of the capillary. Belder and co-workers found that PVA coatings
were successful in limiting analyte-wall interactions in addition to suppressing the
EOF. A clean, ~25-cm long capillary with a window burned in the polyimide
coating was filled wi’th an acidified aqueous glutaraldehyde solution, prepared
from 200 uL of 50 wt% aqueous glutaraldehyde (Fisher, Houston, TX) in 800 uL

of 1 M hydrochloric acid (Mallinckrodt, Hazelwood, MO). A plug of 2.5 wt% PVA
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in 0.6 M hydrochloric acid was injected into the glutaraldehyde-filled capillary
using 0.5 MPa of N, for 10s. The capillary was then emptied and dried with
continuous nitrogen flow for ~ 4 hours, after which it was ready for use. The
glutaraldehyde served as a cross-linking agent which reacted with PVA
molecules in solution to form a sleeve of PVA on the capillary’s interior walls.
Before use, capillaries were equilibrated with blank buffer solutions.
2.2.2,2 Optical Instrumentation

Several different optical setups were used for the 2bFCCS-CFCE
experiments described in this dissertation, but they all were comprised of the
same basic elements. Future chapters will illuminate the specific differences
between the optical setups used. Figure 2.5 illustrates the basic concept of the
optical instrumentation used in a 2bFCCS-CFCE experiment. Pressure flow was
used to wash the capillaries, coat the capillaries, and introduce the sample prior
to experimentation. This was accomplished by placing a micro-centrifuge tube
containing the desired solution into a custom-built pressure chamber attached to
a tank of N,. One capillary end, which was sealed into the pressure chamber, is
inserted into the solution present in the chamber. A pneumatic pressure
regulator (Fairchild Model 81, Winston-Salem, NC) was used to control the
pressure of Nz in the chamber, which pushed solution through the capillary. In
2bFCCS-CFCE experiments, once the capillary was filled with sample, sample
solution was placed at equal heights on either end of the capillary, and a
platinum wire, connected to a high voltage power supply (Spellman, model

CZE1000R, Plainview, NY), also in the pressure chamber, was inserted into the
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Figure 2.5: Schematic representation of the two-beam fluorescence cross-
correlation/continuous flow capillary electrophoresis experiment. The optical
setup was designed to position two diffraction limited laser foci in the center of a
square capillary, separated by a distance of ~5 um. The capillary is filled with
sample solution using applied gas pressure, which is then turned off and voltage
is applied for the electrophoresis experiment. Fluorescence signal from each

focus is collected and used for the analysis of auto and cross-correlation.
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sample solution present in the chamber. A grounded platinum wire was placed in
the solution at the other end of the capillary. Voltage applied across the capillary
resulted in electrophoretic migration of the sample components, allowing cross-
correlation analysis to be performed.

The 2bFCCS-CFCE apparatus (Figure 2.5) has been described
elsewhere®®*®. A 514.5-nm laser beam from an air-cooled, continuous wave Ar*
laser (Midwest Laser Products, Frankfort, IL) was expanded and collimated by a
4x telescope, split, and then recombined into two nearly parallel beams by two
50/50 beamsplitters (Newport, Irvine, CA). The two beams were adjusted to
equal power using the appropriate absorptive neutral density filters (Newport).
The two laser beams were prefocused using a 150-mm focal-length spherical
lens, reflected by a 5630-nm long pass dichroic beamsplitter (CVI, Albuquerque,
NM), and focused by a 100x, 1.25-numerical aperture oil immersion microscope
objective (Edmund Industrial Optics, Barrington, NJ) through a small window
created in the 25-cm length of the PVA coated capillary. The size of the foci was
controlled by precise positioning of the 150-mm focal-length lens. The lens was
positioned such that it was approximately 300 mm from the back of the
microscope objective and then adjusted to minimize the size of the foci, limit
clipping of the beams on the sides of the objective, and ensure near-ideal
Gaussian beam profile. Fluorescence from each focal region was collected by
the same objective, split by a 50/50 cubic beamsplitter (Thorlabs, Newton, NJ),
spatially filtered by 50 ym pinholes (Thorlabs, Newton, NJ), and filtered by 535-

nm long pass interference filters (Omega Optical, Brattleboro, VT). The spatially
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and spectrally filtered light was then focused onto two single photon counting
avalanche photodiode detectors (PerkinElmer Optoelectronics, model SPCM-
AQR-14, Wellesley, MA) using aspheric lenses (Newport, Irvine, CA).

The two laser beams formed nearly identical diffraction-limited focal
regions, positioned near the center of the inner capillary space (~25 ym from the
inner surfaces), and separated along the axial dimension of the capillary by a
distance, R. The e focal radius, @,, in the radial dimension of the focal volume

=2

is typically ~0.3 um. The ratio of the radial and axial ¢ radii (x, = ®,/z, , where

z, is the axial radius) is typically ~0.1. The separation distance, R, between the

two foci is determined by cross-correlation analysis and is on the scale of ~5 um.
The position of the laser beam foci relative to the inner surface of the capillary
was reproducibly controlled using a submicrometer resolution differential
micrometer (Newport) mounted on the z-axis of the sample stage. Additionally, a
precision rotation stage (Newport) was mounted on the sample stage to allow
adjustment of the flow axis relative to the axis defined by the position of the two
laser beams. The optimum position of the lasers relative to the capillary walls
and relative to each other was determined by cross-correlation analysis. Ideally,
laser foci were positioned near the center of the capillary, to reduce the impact of
analytes adsorbed to the walls on the cross-correlation analysis. In addition the
axis defined by the position of the two laser beams had to be exactly aligned with
the flow to optimize the number of species that passed through the focal regions
of both lasers. Finally R had to be precisely controlled to optimize the cross-

correlation analysis. If R is too small, fluorescence from each region can be
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detected by the other region’s detector, which can generate what is known as
pseudo-autocorrelation, or false correlation signals. If Ris too large, not enough
analytes are detected in both focal regions to perform successful cross-
correlation analysis.

The photocounts from the two detectors were cross-correlated using an
ALV-6010/160 digital correlator card (ALV, Langen, Germany) mounted in a
Pentium computer. The digital correlator card uses a multiple-tau correlation
technique like that discussed in section 2.2.1. The correlator card performs
hardware-based correlation analysis as opposed to software-based correlation,
or, in other words, the correlation analysis is performed on-chip as opposed to
the raw photon data being correlated by software. This means that the digital
correlator card used is incapable of recording raw photon-count data. If the raw
photon-count data was desired for analysis by means other than correlation, a
two-channeled 800-MHz gated photon counter card (PMS-400, Becker & Hickl

GmbH, Berlin, Germany) interfaced to a Pentium computer was used.
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Chapter 3: 2bFCCS-CFCE for Simultaneous

Analysis of Positive and Negative lons.

This chapter describes the application of two-beam fluorescence cross-
correlation spectroscopy coupled with continuous-flow capillary electrophoresis
(2bFCCS-CFCE) for the monitoring of ions migrating opposite directions in an
electrophoresis capillary. A paper based on this work was published in the
december issue of Analytical Chemistry in 2003, This work demonstrated the
ability of the 2bFCCS-CFCE technique to overcome a limitation of separations-

based CE by monitoring ions moving in different directions.

3.1 Introduction:

In conventional CE, analyte species must all migrate in the same direction

in order to be detected downstream from the injection point. This can be
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problematic when an analyte sample one hopes to study by CE contains both
positive and negative ions. Such samples are studied by conventional CE
utilizing electroosmotic flow (EOF). If the magnitude of EOF is larger than the
migration velocity of negative ions towards the anode, the net direction of
negative ion migration will be in the same direction as positive ions, and both
positive and negative ions will migrate through the detection zone. If, however,
the negative ions have greater migration velocities than the EOF velocity, this
technique is unable to detect them. In addition, the requirement of relatively
large EOF velocities to analyze samples containing both positive and negative
ions increases the impact of sample dispersion caused by phenomena related to
electroosmotic flow?®. Kuban and Karlberg” overcame the dilemma of ions
migrating in opposite directions by injecting the sample at both ends of the
capillary, while placing the detector in the middle. This technique eliminated the
requirement of high EOF by positioning the detector in such a way that ions
migrating in opposite directions both migrated towards the detection region.
Unfortunately, the technique requires much more complicated experiments, in
that two injection steps are required. The additional complexity of sample
introduction also dramatically increases the possibility of non-reproducibility and
high peak dispersion.

This work demonstrates the ability of 2bFCCS-CFCE to overcome the
limitations of conventional, separations-based CE and easily monitor ions flowing
in opposite directions without specialized requirements that increase

experimental complexity or error. As discussed in previous chapters, 2bFCCS-
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CFCE cross-correlates the fluorescence signals detected from two spatially offset
laser excitation zones, referred to as focal regions 1 and 2 (Refer to Figure 2.3,
chapter 2). If the signal from region 2 is cross-correlated relative region 1, one
obtains the “forward” cross-correlation function. Only molecules flowing from
region 1 to region 2 (i.e. the “forward” direction) contribute to the forward cross-
correlation function. The “reverse” cross-correlation function is obtained by cross-
correlating the signal from region 1 relative to region 2 and is only sensitive to
molecules flowing in the “reverse” direction. Hence, the forward and reverse
cross-correlation functions contain exclusive information about molecules flowing
in the forward and reverse directions, respectively. The experiment is configured
such that anions flow in the forward direction, and cations flow in the reverse
direction. By measuring the forward and reverse cross-correlation functions
simultaneously, monitoring both anions and cations in the same experiment is
possible. Resolving the analytes into two different cross-correlation functions in
this way effectively doubles the peak capacity of CFCE. In addition, due to the
continuous-flow nature of the experiment, only the sample-containing buffer is
required for the experiment, eliminating the sample injection step of conventional
CE entirely. These principles are demonstrated by analyzing a model three-
component mixture containing the cation Rhodamine 6G and the anions
tetramethyl-6-carboxyrhodamine (TAMRA) and TAMRA labeled poly(dT)sg single

stranded DNA in aqueous buffer solution.
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3.2 Experimental Section:

3.2.1 Sample Preparation:

Nanomolar solutions of Rhodamine 6G (R6G, Eastman Kodak, Rochester,
NY), TAMRA (Molecular Probes, Eugene, OR), and 39-oligo poly(dT) single
stranded DNA, labeled at the 5’ end with TAMRA (TAMRA-ssDNA, Qiagen,
Alameda, CA), were prepared in tris-Glycine buffer at pH 8.3 (0.025-M Tris-HCI,
0.192-M Glycine, Sigma, St. Louis, MO). The buffer solution also contained
0.055-wt% poly(vinylpyrrolidone) (PVP, My = 10°® g/mol, Sigma), which served as
a dynamic coating to further suppress EOF and prevent adsorption to the
capillary walls.®  PVP does not alter the viscosity of the solution at this

concentration and was assumed to have no effect on the motion of the analytes.

3.2.2 Capillary Coating:

As stated in the previous chapter, a procedure adopted from Belder et al.®
was used to apply a coating of poly(vinyl alcohol) (PVA, My = 4x10* g/mol,
Sigma) to the interior wall of a 50-pm inner diameter, 100-um outer diameter
cylindrical glass capillary (Polymicro, Phoenix, AZ), coated on the outer surface
with polyimide. A clean, 25-cm long capillary was filled with an acidified aqueous

glutaraldehyde solution, prepared from 200 pL of 50 wt% aqueous
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glutaraldehyde (Fisher, Houston, TX) in 800 uL of 1 M hydrochloric acid
(Mallinckrodt, Hazelwood, MO). A plug of 2.5 wt% PVA in 0.6 M hydrochloric acid
was injected into the glutaraldehyde-filled capillary using 0.5 MPa of N, for 10s.
The capillary was then emptied and dried with continuous nitrogen flow for ~ 4

hours, after which it was ready for use.

3.2.3 Instrumentation:

The 2bFCCS-CFCE apparatus used was similar to that described in the
previous chapter, with some slight differences (see Figure 3.1). Briefly, a 514.5-
nm laser beam from an air-cooled, continuous wave Ar” laser (Midwest Laser
Products, Frankfort, IL) was split and then recombined into two nearly parallel
beams by two 50/50 beamsplitters (Newport, Irvine, CA). The two beams were
adjusted in power to 4.1 mW using the appropriate absorptive neutral density
filters (Newport), reflected by a 530-nm long pass dichroic beamsplitter (CVI,
Albuquerque, NM), and focused by a 100x%, 1.25-numerical aperture oil
immersion microscope objective (Edmund Industrial Optics, Barrington, NJ)
through a small window created in a 25-cm length of the PVA coated capillary.
The window was created by dissolving a small section of the outer polyimide
coating in concentrated sulfuric acid heated to a temperature of 76°C. The two
laser beams formed nearly identical diffraction limited focal regions, separated
along the axial dimension of the capillary by a distance of ~5-um and positioned

~ 6 uym below the inner glass surface of the capillary. A —22-kV potential was
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Figure 3.1: Schematic representation of the 2bFCCS-CFCE experiment. This
differs from the setup described in chapter 2 (see Figure 2.5) in that optical fibers
are used to direct fluorescence from the two focal volumes to their respective

detectors.
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applied to the capillary by means of platinum electrodes connected to a high
voltage power supply (Speliman, model CZE1000R, Plainview, NY).
Fluorescence from each focal region, was collected by the same objective,
filtered by a 535-nm long pass interference filter (Omega Optical, Brattleboro,
VT), and imaged onto the apertures of two 100 pm core diameter multimode
optical fibers (Thorlabs, Newton, NJ), which transmitted the fluorescence to two
single photon counting avalanche photodiode detectors (PerkinEimer
Optoelectronics, model SPCM-AQR-14, Wellesley, MA). The photocounts from
the two detectors were cross-correlated using an ALV-6010/160 digital correlator
card (ALV, Langen, Germany) mounted in a Pentium computer.

The primary safety hazards of this experiment are electric shock due
exposure to the high voltage electrodes and eye injury from exposure to laser
light. The entire experiment was placed inside an enclosure to block stray laser
light. Access to the enclosure was interlocked to the high-voltage power supply to
prevent exposure to the high voltage electrodes during the operation of the

experiment.

3.3 Theory:

The theory for 2bFCCS-CFCE was discussed in the previous chapter.

Briefly, the forward and reverse cross-correlation functions are obtained through
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monitoring the fluorescence intensity at each focus. The forward cross-

correlation function can be represented by'’:

G,(r)= i bk T’r')> (3.1)

Ny

where i1(t, 7 ) and ix(z + 7, ¥') are the fluorescent intensities measured at focal

volume 1 and 2 at times 7 and ¢ + t respectively as a function of their respective
coordinate systems (r = (x,y,z).7' = (x',',2)). (i) and (i, )are the average

fluorescent intensities from focus 1 and focus 2, respectively. The reverse cross-
correlation function is similar to the forward cross-correlation:
6.0) <i2(t,;)il(t+r,;’)>
Tl=
’ {6 )(5,)

where focus 1 is now the volume monitored at time delay, . Theoretical

(3.2)

derivation like that discussed in the previous chapter transforms equations 3.1
and 3.2 into""'°:

oo, .
GF(T)=i( I ][ ! ]exp—~M)— (3.3)

N\1+7/t, \1+xlzt/7, oy (1+7/7,) |

2 ) 27
GR(T)Z—I—( ! J[ ! ]ex _Rrefe,) (3.4)

N\1+z/z, \1+xl1/T, ol(l+7/t,)

5e]

where wy is the radius of laser focus on the xy-axis, «, is the ratio w,/z, , where
zois the radius of the beam on the z-axis, N is the average number of molecules
3/2

occupying the laser beam foci (i.e. the occupancy), defined as N = fa)gzon ,

7. is the characteristic time it takes the fluorophore to traverse the distance
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between the two foci, given by 7. = R/V_, where V; is the velocity of flow along
the x-axis, and r, is the characteristic molecular diffusion time through one of the
focal volumes. The latter term is related to the diffusion constant by 7, =’ /4D.

The experiments described in this chapter used a two-dimensional
approximation, which neglects fluctuations caused by diffusion along the z-axis.
This approximation is justified when z, is significantly larger than w,. However,
even in confocal microscopy-based FCS, fluctuations caused by z-axis diffusion
constitute a small perturbation to the correlation function and can often be
neglected'’. A three-dimensional model was used to anvalyze some Ccross-
correlation data and it was found that the results did not differ significantly from
those of the two-dimensional model presented here. With the assumption of a

two-dimensional model, equations 3.3 and 3.4 can be rewritten as:

1 [~ (R-V.1) ]

GF(T)_N 1+7/7, eXp_a)g(lJrT/rd)_ (33)
11 —R+V.) ]

GR(T)-]_V- l+7/7, eXp_a)Oz(l+T/rd)_ (36

Equations 3.5 and 3.6, as discussed earlier, are used as the basis for analysis of
the cross-correlation data of the anion and cation components, respectively.

Samples containing mixtures of fluorophores were analyzed by treating
the cross-correlation functions as linear combinations of the single-component
cross-correlation functions, according to equation 2.

L

Grr (T) = <F>2 ZNizQizGF,R,i(T)- (3.7)
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Here, (F> is the time-averaged photodetection rate from each focal volume due

to the total fluorescence from all species plus the background radiation, »; is the
occupancy of species i, Q; is the specific brightness of species i (defined as the
average number of detected photons per molecule per second), and Grr (1) are
the pure-component cross-correlation functions for species i, given by Equations
3.5 and 3.6. Mixtures containing both positive and negative ions flowing in
opposite directions can be analyzed due to the presence of cross-correlation

peaks in both correlation channels, as will be demonstrated below.

3.4 Results and Discussion:

3.4.1 Control Experiments:

Control autocorrelation and cross-correlation experiments were carried out to

determine the parameters R, o,, and z, z¢ , the diffusion time of R6G. These

parameters remained constant through all subsequent experiments (Table 3.1).
This was accomplished by analyzing a pure solution of 3-nM R6G in Tris-Glycine
buffer. A static solution of the R6G was first measured using autocorrelation

analysis (Figure 3.2) to determine the value z, z,;. The value of o, was then
obtained from z, zes Using the literature value of Dy, =3.0x10%cm?/s . The

experimental autocorrelation functions of the 3-nM R6G solution were fit

according to the equation:
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Table 3.1: Control Experiment Data®

Parameter
R6G control f:xperimentsb
@, (pum) 0.3277(41)
R (um) 4.54(17)
T e (MS) 0.0895(23)
Teq 0.4266(49)
77 (107 ms) 1.989(91)
Cross-Correlation Analysis of Single Component Standards®
R6G TAMRA TAMRA-ssDNA
V. (mm/s) -2.524(40) 1.283(19) 4.2017(32)
T, (ms) 1.7779(65) 3.54(14) 1.081(41)
74 (MS) 0.0895(23) 0.0749(66) 0.3832(89)
A 0.004032(52) 0.001091(38) 0.02735(22)

2Numbers in parenthesis are the uncertainties in the last digits reported to one
standard deviation. de,RGG: T.,, and 7, were obtained from the fitting of

autocorrelation data, «, was obtained from 7, ;through the

relation, 7, gee = @; /4Dgeg , USING the value of Dy, =3.0x10%cm? /s, and R was
determined from fitting R6G cross-correlation data. °R andw,were held

constant at 4.54(17) um and 0.3277(41) um, respectively in the analysis of the
TAMRA and TAMRA-ssDNA standard solutions.
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Figure 3.2: Control autocorrelation data (black diamonds) for R6G with the
theoretical fit (red solid line) according to equation 3.8. The theoretical fit
deviates from the experimental data at low lag times due to afterpulsing of the
detector, a form of electronic feedback that impacts correlation data at lag times
less than 102 ms. The fits eliminated the impact of afterpulsing by only fitting

data at lag times greater than 10 ms.

89



Gres(7)-1= A( ](1 +T, e ) (3.8)

14+ 7/74 peo
where 4 is the amplitude of the autocorrelation function, related to the

concentration of R6G and the molecular brightness of the R6G fluorophore, T,, is
defined as 7,, = T/(1-T), where T is the quantum yield, and 7, is a time

constant for population and depopulation of the triplet state. The parameters in
the last term of equation 3.8 account for the fact that a fraction of molecules exist
in a nonfluorescent triplet state, which lowers the effective fluorophore
concentration. The theoretical derivation accounting for triplet state impact on
autocorrelation analysis was based on work by Rigler and coworkers'*.

Figure 3.3d shows the cross-correlation functions for the pure R6G solution
as it flowed through the capillary under the influence of the applied electric field.
This reverse correlation function was analyzed by fitting to Equation 3.9.

V. rec '2 (TF,RGG - T)z
o, (1 + T/Td,R6G)

1 —
GR(T): Bp+ Ap)| — |+ Ares XD (3.9)
l+7/7,,

This function is assumed to be a linear combination of three components. The

first, B, is the baseline, given by lim Gx(r). The second component represents

the pseudo-autocorrelation function, which appears as a decay from lagtime
zero. This arises because of cross-talk between the two detection volumes. A
small fraction of the fluorescence from focal region 1 is detected on detector 2,
and vice versa, giving rise to autocorrelation of R6G molecules flowing through
the individual focal volumes'®. The parameters 45, and 7, are used only for

fitting this region of the cross-correlation function. No physical meaning is
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Figure 3.3: Forward (black) and reverse (red) cross-correlation functions for (a)
blank Tris-Glycine buffer; pure solutions of (b) 3-nM TAMRA, (c) 0.5-nM TAMRA-
ssDNA, (d) 2-nM R6G in Tris-Glycine buffer; and (e) a mixture containing 2-nM
R6G, 3-nM TAMRA, and 0.5-nM TAMRA-ssDNA in Tris-Glycine buffer. The data

aquisition times were 5-min per sample.



ascribed to these parameters. The third component is the reverse cross-
correlation function due to R6G molecules flowing from focal region 2 to focal
region 1. The parameter Azqc is the intensity of the cross-correlation peak at =
Trrec- 1he physical meaning of this parameter is related to the concentration and
photophysical properties of R6G, as will be discussed below. The values of Agsg,
Virsc, and trrsc Were determined from the least-squares fitting procedure by

fixing @, and z, z¢ to the values obtained by autocorrelation analysis. The

distance, R, between focal regions 1 and 2 could then be determined from the

expression, R=V, x¢¢ (TF,RGG )

3.4.2 Analysis of a Three-Component Mixture.

Figure 3.3e shows the forward and reverse cross-correlation functions for a
three component mixture containing 2-nM R6G, 3-nM TAMRA, and 0.5-nM
TAMRA-ssDNA flowing through the capillary under the influence of the applied
electric field. Forward and reverse cross-correlation functions from a blank buffer
solution and from pure solutions of each analyte are also shown for comparison
(Figures 3.3a-3.3d). Since TAMRA and TAMRA-ssDNA are both negative ions,
the corresponding peaks occur in the forward correlation channel. The cross-
correlation peak for R6G occurs in the reverse correlation channel. Note that
there appears to be a slight contamination in the TAMRA-ssDNA standard, giving
rise to a small peak in the reverse correlation channel. Cross-correlation

analysis of the pure solutions yielded the data presented in Table 3.1. The peak
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positions measured for the pure solutions enable identification of the
corresponding peaks in the three component mixture. The peaks in the forward
channel are attributed to TAMRA-ssDNA and TAMRA, occurring at earlier and
later lagtimes, respectively, while the peak in the reverse channel is assigned to
R6G. The TAMRA-ssDNA peak occurs at the earliest time owing to its higher
charge state and, hence, its greater electrophoretic mobility. The apparent
mobility of TAMRA is less than that of R6G, possibly due to residual
electroosmotic flow, which may oppose the flow of the negative ions.

The reverse correlation function for the three component mixture was
analyzed by fitting the data to Equation 3.9, and the forward correlation function
was analyzed using Equation 3.10, with R and wy held fixed to the values

reported in Table 3.1:

—(R—Vx,lr)z}Azexp[—(R—Vx,zr)z} (3.10)

a)g(l+‘r/‘rd,1) a)g(l+‘r/rd,2)

GF(T)= BF+APA(ﬁ;J+A1exP[

subscripts 1 and 2 denote the parameters corresponding to TAMRA-ssDNA and
TAMRA, respectively. The results of these analyses are displayed graphically in
Figure 3.4. The fitted parameters and their associated standard deviations are
presented in Table 3.2.

The intensities of the cross-correlation peaks depend on the concentrations
and photophysical properties of the fluorophores, and the molecular transit times
for diffusion and flow, according to the following relationship, which was derived

from Equations 3.5-3.7 for Gz z(t = t£,):

2
__vl-n,)o (3.11)

<I>2 (1 + TF.i/Td,i)

;=
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Figure 3.4: Experimental and fitted forward (black) and reverse (red) cross-
correlation functions obtained for the TAMRA, TAMRA-ssDNA, and R6G mixture
from Figure 3.3e. The diamonds represent the experimental data and the solid

curves are fits to equations 3.9 (red) and 3.10 (black).
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Table 3.2: Determination of Relative Concentrations®

Parameter
Cross-Correlation Analysis of a Three-Component Mixture”
R6G TAMRA TAMRA-ssDNA
V. (mm/s) -2.22(15) 1.649(25) 4.362(14)
7, (ms) 1.933(34) 2.75(11) 1.041(40)
77 (mS) 0.079(11) 0.0676(69) 0.379(34)
D (um?/ms) 0.339(47) 0.397(42) 0.0708(65)
A 0.000756(42) 0.000663(28) 0.001768(53)
Photophysical Parameters*
R6G TAMRA TAMRA-ssDNA
Teq 0.4266(49) 0.3590(28) 0.4146(18)
#r 0.8095(30) 0.3882(18) 0.5350(52)
77 (ns) 3.935(39) 2.310(23) 2.974(30)
Relative Concentrations”
R6G TAMRA TAMRA-ssDNA
N corr (%0) 31.4(4.1) 55.8(4.3) 12.7(1.6)
Nexp (%) 38.2(3.7) 52.73.7) 9.1(1.1)

®Numbers in parenthesis are the uncertainties in the last digits reported to one standard
deviation. °R and o, were held constant at 4.54(17)um and 0.3277(41)um respectively

for all the fits in the analysis of the mixture. D was calculated using the expression,
D =w}[4t, ‘1, was measured by time-correlated single photon counting performed

on pure solutions of each species in the tris-glycine buffer. 7,; was obtained from
autocorrelation analysis of the pure solutions. d]\’,-,w,, is the relative concentration as
determined from cross-correlation analysis. N;ex is the expected relative concentration

as determined from dilution of known stock solutions.
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here, T, is the triplet yield of species i. This parameter accounts for the fact that
a fraction of molecules exist in a nonfluorescent triplet state, which lowers the
effective fluorophore concentration. The specific brightness, Q,, is the product of

the fluorescence excitation rate, k..., the fluorescence quantum yield, ¢, ,, and

the fluorescence collection/detection efficiency, «;, for species i. Since the laser
intensity used in these experiments was above the threshold for optical
saturation of the fluorophores, we assume k...; = 1/1;; for each species, where 7;

is the fluorescence lifetime of species i. Hence, 9, =x,¢,, /7,

In principle, it is possible to determine the absolute concentration of each
species by calculating N; from equation 3.11 and using the relationship between
N and C above. However, there are a number of factors affecting 4; that are
difficult to measure or calculate theoretically, which makes determining the
absolute concentrations impractical. These factors may include slight differences
in the laser intensity distributions in the two focal volumes, off-axis components in
the flow velocities or R value, a slight distribution in the flow velocity across the z
dimension of the focal regions, distortion of the focal regions from an ideal
Guassian shape due to focusing through the curved capillary walls,
photobleaching (presumed to be a small effect because of the fast transit times
of the molecules through the focal regions), and Joule heating. Nevertheless,

most of these factors are likely to cancel when calculating the ratios N/N;, given

by

2
Ny A [T fra | [T K| [Ty (3.12)
N, 4 l+rF,j/Td,j Ty Kifri 1-T,,

J
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The relative concentrations, N.;=N/(N:+N+N), can then be obtained from these

ratios using:

-1
N.
N, =[1+7vi+ﬂ) . (3.13)

The relative concentrations of each species in the three component mixture are
presented in Table 3.2, along with the parameters used to calculate these values.
The values of 4, 7, and 7; were obtained from the cross-correlation
analyses. The diffusion constants, D,, of the different components of the mixture

are also presented in table 3.2. They were found according to the expression,

D, = 0’3/4Td,i , Where 1,; indicates the characteristic diffusion time of fluorescent

species i. All values agreed well with literature values'®?'. The z/s were
measured by time-correlated single photon counting performed by Dr. Peter
Goodwin of Los Alamos National Laboratory on pure solutions of each species in
the tris-glycine buffer (Data not shown).

The fluorescence quantum efficiencies were measured for each species
using static spectrofluorimetry with reference to standard soiutions of R6G and
TAMRA in methanol. This was accomplished by comparing the measured
fluorescent intensities of TAMRA and R6G in methanol to the tris-glycine buffers

used in the cross-correlation experiments:

Proc seor _ { e ateon (3.14)

6 I

where ¢.. ..on is the fluorescence quantum efficiency of R6G in methanol, a

value obtained from the literature®. Izsaeon is the intensity of the R6G
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fluorescence measured on the spectrofluorimeter, and ¢, and I; are the

fluorescence quantum efficiencies and measured fluorescence intensities of the
dyes in different buffer conditions, respectively.

Finally, the T., values were obtained from autocorrelation analysis of the
pure static solutions according to the procedure outlined by Rigler and co-
workers, as discussed above'. Note that the relative concentrations of the
three analytes are determined with ~10-% precision, and that they agree with the
expected values within experimental error. The errors in the expected
concentrations were estimated from the precision of the pipettes used to prepare

the solutions and the errors in the standard solution concentrations.

3.4.3 Data Acquisition Time:

The data presented in Figure 3.3 were obtained after 5-min data
acquisition times. Clearly it would be desirable to minimize this time. From our
data, we can estimate the minimum time required to obtain statistically significant
cross-correlation functions, in which the signal-to-noise ratios (S/N) of the cross-
correlation peaks are equal to 3. The noise was estimated to be the standard
deviation of the blank solution cross-correlation functions (Figure 3.3a) between
lagtimes of 1- and 10-ms. This yielded a noise value of 9.85x10™°. The S/N
values for each cross-correlation peak were then obtained by dividing this
number into the peak amplitudes. For the pure TAMRA, R6G, and TAMRA-

ssDNA solutions (Figure 3.3b-3.3d), the S/N values were found to be 13, 40, and
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240, respectively. A larger S/N for TAMRA-ssDNA was obtained because of the
higher electrophoretic mobility and lower diffusion rate of TAMRA-ssDNA
compared to the other analytes. Given that S/N is proportional to the square root
of the acquisition time, the minimum times required to analyze each of the pure
solutions are 16-, 1.3-, and 0.05-s, for TAMRA, R6G, and TAMRA-ssDNA,
respectively. This indicates that 2bFCCS is capable of extremely fast data
acquisition times (tens of milliseconds to seconds) under favorable conditions.
For the three-component mixture (Figure 3.3e), the S/N values were 7, 8,
and 18 for the TAMRA, R6G, and TAMRA-ssDNA peaks, respectively. The
minimum time needed to analyze all components in this solution, based on
S/N=3 for the TAMRA peak, is thus 60-s. The lower S/N values for the three-
component mixture, and, hence, the longer minimum data acquisition time, was

due to the higher total fluorophore concentration compared to that of the pure

solutions. This increased the average detected photocount rate, (1) and

lowered S/N, due to the inverse relationship of S/N and (1}2 (Equation 3.11). By

optimizing the analyte concentrations, it should be possible to achieve total

analysis times on the order of tens of seconds or less in most cases.

3.4.4 Analyte Resolution:

The efficiency for multicomponent analysis of different species flowing in
the same direction, but at different speeds, can be expressed by calculating the

analyte resolution of the TAMRA and TAMRA-ssDNA peaks in the forward cross-
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correlation function. Both peaks were fit to Gaussian functions, and the

resolution, p, was determined from

2 —
_ (TF,Z TF,I) , (315)
W2 + VVI
where W; and W, are the baseline widths of the TAMRA-ssDNA and TAMRA
peaks, respectively. These values were determined from the standard

deviations, o, , of the Gaussian function using W, = 4o,. From this we obtain
p=0.96. This is comparable to the resolution of two-component mixtures

obtained using high-speed separations-based CE on the millisecond time scale®*
2 It should also be noted that the ability to resolve different components into
separate cross-correlation channels effectively doubles the efficiency for
multicomponent analysis in our experiment. This confirms that 2bFCCS-CFCE
can be performed with comparable efficiency to high-speed separations-based
CE, and thus should be considered a viable approach to electrophoretic analysis

of molecular processes occurring on a millisecond to sub-millisecond time scale.

3.5 Conclusion:

In summary, it has been demonstrated that 2bFCCS-CFCE can be used
to discriminate molecules as they flow continuously through an electrophoresis
capillary, based on the magnitudes and directions of their electrophoretic flow

velocity. The sensitivity to molecular processes occurring on a millisecond time
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scale and the chemical selectivity of 2bFCCS-CFCE compared favorably to
millisecond separations-based CE techniques®* 2. The 2bFCCS-CFCE
technique has proved itself to be an elegant and efficient alternative to
separations-based CE. Its ability to monitor ions migrating in opposite directions
overcomes a limitation of conventional CE and allows for greater versatility in

analysis of complex samples.

3.6 Acknowledgements:

| would like to thank Dr. Peter Goodwin from the Los Alamos National
Laboratory for carrying out the time-correlated single photon counting
measurements on our samples. This research was supported by the National

Institutes of Health (Grant Number R21RR17025).

101



10.

11.

12.

13.

Fogarty, K.; Van Orden, A., Two-beam fluorescence cross-correlation
spectroscopy for simultaneous analysis of positive and negative ions in
continuous-flow capillary electrophoresis. Analytical Chemistry 2003, 75, (23),
6634-6641.

Huang, X.; Coleman, W. F.; Zare, R. N., Analysis of factors causing peak
broadening in capillary zone electrophoresis. Journal of Chromatography 1989,
480, 95-110.

Xuan, X. C.; Xu, B.; Sinton, D.; Li, D. Q., Electroosmotic flow with Joule heating
effects. Lab On A Chip 2004, 4, (3), 230-236.

Roberts, G. O.; Rhodes, P. H.; Synder, R. S., Dispersion effects in capillary zone
electrophoresis. Journal of Chromatography 1989, 480, 35-67.

Mayer, B. X., How to increase precision in capillary electrophoresis. Journal of
Chromatography, 4 2001, 907, (1-2), 21-37.

Landers, J. P., Ed., Handbook of Capillary Electrophoresis. 2nd ed.; CRC Press:
Boca Raton, 1997; p 894.

Kuban, P.; Karlberg, B., Simultaneous Determination of Small Cations and
Anions by Capillary Electrophoresis. Analytical Chemistry 1998, 70, (2), 360-
365.

Gao, Q.; Yeung, E. S., A matrix for DNA separation: genotyping and sequencing
using poly(vinylpyrrolidone) solution in uncoated capillaries. Analytical
Chemistry 1998, 70, (7), 1382-1388.

Belder, D.; Deege, A.; Husmann, H.; Koehler, F.; Ludwig, M., Cross-linked
poly(vinyl alcohol) as permanent hydrophilic column coating for capillary
electrophoresis. Electrophoresis 2001, 22, (17), 3813-3818.

Brinkmeier, M.; Rigler, R., Flow analysis by means of fluorescence correlation
spectroscopy. Exp. Techn. Phys. 1995, 41, (2), 205-210.

Rigler, R.; Widengren, J.; Mets, U., Interaction and Kinetics of Single Molecules
as Observed by Fluorescence Correlation Spectroscopy. In Fluorescence
Spectroscopy, ed.; Wolfbeis, O. S., Ed. Springer: Berlin, 1992.

Elson, E. L.; Magde, D., Fluorescence correlation spectroscopy. 1. Conceptual
basis and theory. Biopolymers 1974, 13, (1), 1-27.

Hansen, R. L.; Zhu, X. R.; Harris, J. M., Fluorescence Correlation Spectroscopy

with Patterned Photoexcitation for Measuring Solution Diffusion Coefficients of
Robust Fluorophores. Analytical Chemistry 1998, 70, (7), 1281-1287.

102



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Widengren, J.; Mets, U.; Rigler, R., Fluorescence correlation spectroscopy of
triplet states in solution: a theoretical and experimental study. J. Phys. Chem.
1996, 99, (36), 13368-79.

Brinkmeier, M.; Doerre, K.; Stephan, J.; Eigen, M., Two-beam cross-correlation.
A method to characterize transport phenomena in micrometer-sized structures.
Analytical Chemistry 1999, 71, (3), 609-616.

Doose, S.; Barsch, H.; Sauer, M., Polymer properties of polythymine as revealed
by translational diffusion. Biophysical Journal 2007, 93, (4), 1224-1234.

Stellwagen, E.; Lu, Y.; Stellwagen, N. C., Unified Description of Electrophoresis
and Diffusion for DNA and Other Polyions. Biochemistry 2003, 42, (40), 11745~
11750.

Nkodo, A. E.; Garnier, J. M.; Tinland, B.; Ren, H.; Desruisseaux, C.; McCormick,
L. C.; Drouin, G.; Slater, G. W., Diffusion coefficient of DNA molecules during
free solution electrophoresis. Electrophoresis 2001, 22, (12), 2424-2432.

Stellwagen, E.; Stellwagen, N. C., Determining the electrophoretic mobility and
translational diffusion coefficients of DNA molecules in free solution.
Electrophoresis 2002, 23, (16), 2794-2803.

Rigler, R.; Mets, U.; Widengren, J.; Kask, P., Fluorescence Correlation
Spectroscopy With High Count Rate And Low-Background - Analysis Of
Translational Diffusion. European Biophysics Journal With Biophysics Letters
1993, 22, (3), 169-175.

Egele, C.; Schaub, E.; Piemont, E.; de Rocquigny, H.; Mely, Y., Investigation by
fluorescence correlation spectroscopy of the chaperoning interactions of HIV-1
nucleocapsid protein with the viral DNA initiation sequences. Comptes Rendus
Biologies 2005, 328, (12), 1041-1051.

Magde, D.; Wong, R.; Seybold, P. G., Fluorescence quantum yields and their
relation to lifetimes of rhodamine 6G and fluorescein in nine solvents: Improved
absolute standards for quantum yields. Photochemistry And Photobiology 2002,
75, (4), 327-334.

Jacobson, S. C.; Culbertson, C. T.; Daler, J. E.; Ramsey, J. M., Microchip
Structures for Submillisecond Electrophoresis. Analytical Chemistry 1998, 70,
(16), 3476-3480.

Gordon, M. J.; Okerberg, E.; Gostkowski, M. L.; Shear, J. B., Electrophoretic
characterization of transient photochemical reaction products. J. Am. Chem. Soc.
2001, 123, (43), 10780-10781.

103



Chapter 4: 2bFCCS-CFMCCE: Cross-Correlation

Analysis Coupled with Continuous-Flow

Microchip Capillary Electrophoresis

This chapter describes the development of two-beam fluorescence cross-
correlation spectroscopy coupled with continuous-flow microchip capillary
electrophoresis (2bFCCS-CFMCCE). This technique couples the advantage of a
sensitive technique for continuous-flow CE with the added fluid handling and
miniaturization design advantages offered by microfluidic platforms. The
techique allows for simpler fluid handling and increased miniaturization compared
with conventional microchip capillary electrophoresis (MCCE) techniques. The
work that contributes to this chapter was performed over the period from July

2003 to January 2005.
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4.1 Introduction:

The concept of MCCE was introduced in chapter 1. Briefly,
microfabrication techniques developed in the semiconductor industry have been
used to develop capillary electrophoresis microdevices in which CE experiments
are conducted using microchannels fabricated in a microdevice rather than the
fused silica capillaries used in conventional CE"?. Commonly used substrates
for MCCE include glass, polydimethylsiloxane (PDMS), and poly(methyl
methacrylate) (PMMA). MCCE has two distinct advantages over conventional
CE; 1) MCCE microchannels are formed in a block of insulating material, which
allows for the use of much higher applied electric fields than those used for
conventional capillary electrophoresis, and 2) the ability to precisely control the
fabrication geometry of microchannels allows for more complex fluid handling
than is possible with conventional CE*"". The combination of these two
advantages allows for the separation channels used in MCCE to be fabricated on
much smaller scales, which, in turn, leads to faster analysis times'. The high
aspect ratio of the microchannels used also allows for more efficient heat
dissipation, and thus, higher voltages'®.

MCCE, like conventional CE, is a separations technique. In other words,
in order for the analysis to be performed, macroscopic separation of the analytes
must be realized. The requirement of macroscopic separation necessitates the

use of multiple buffers (typically a run buffer and sample buffer) and fluid
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handling capabilities that allow for a sample injection step prior to separation.
The most common, and perhaps simplest, way to achieve these requirements in
microchip format is through the style of microfluidic device known as the “T-chip”
(refer to figure 1.5, chapter 1)'"'®. Sample injection is accomplished on T-chip
devices through the careful manipulation of applied potentials at a microchannel
intersection. Sample solution is caused to flow across an intersection by
applying the appropriate potential between sample and sample waste wells. The
applied voltage is then switched to the other channel of the intersection, the
separations channel, which has been prefilled with a blank run buffer. This
causes a plug of the sample buffer to be injected into the separations channel for
macroscopic separation.

The primary advantage that MCCE has over conventional CE is in design
flexibility®>. Conventional CE is ultimately a more efficient, higher resolution
technique than MCCE, but MCCE can be integrated into multi-step fluid handling
devices for online analysis, and MCCE experiments can be performed on shorter
timescales. Unfortunately, the very thing that makes MCCE such a powerful
analytical technique, macroscopic separation, limits its versatility. The sample
injection step requires multi-microchannel formats with complex buffer systems
which can limit the ability of MCCE to be incorporated into multifunctional
devices. The requirement for macroscopic separation of analytes, along with the
multichannel format, also limits the miniaturization of MCCE devices®'. An ideal
MCCE device would be able to perform electrophoretic analysis without the

separation and injection requirements that traditionally limit its flexibility.
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A technique that is seems to be perfectly situated to overcome the design
limitations of MCCE is two-beam fluorescence cross-correlation spectroscopy
coupled with continuous-flow microchip capillary electrophoresis (2bFCCS-
CFMCCE)#*% . As stated in previous chapters, 2bFCCS —CFCE techniques are
able to perform sample analysis without the requirement of macroscopic
separation. This eliminates the need for a sample injection step, and thus allows
analysis to be performed using a single buffer, the sample-containing buffer. In
addition, the minimum distance required for the analysis, the distance in-between
the two focal regions, is on the scale of <10 microns, which is much shorter than
that required for efficient MCCE separations. The ability to eliminate the complex
multichannel geometry of MCCE and perform analysis over extremely short
distances makes 2bFCCS-CFMCCE a much more design-versatile technique
than conventional MCCE.

The goal of the work presented in this chapter was to successfully perform
2bFCCS-CFMCCE analysis on microchips that demonstrate the design
advantages that the technique allows in relation to conventional MCCE. PDMS
and glass microchips used for 2bFCCS-CFMCCE experiments were fabricated
by myself and Vinod Anumareddy?®, respectively. These microchips exhibited
design advantages over conventional MCCE microdevices in that they consisted
of a single microfluidic channel, rather than the multichannel design typically
required for sample injection and macroscopic separation in MCCE. In addition,
the technique could be performed in channels much shorter in length than

microchannels used in traditional MCCE devices. Analysis was performed using
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channels with lengths as short as 1 mm. Though the technique showed much
promise, my study of 2bFCCS-CFMCCE was ultimately limited by the fact that
construction and use of microdevices for MCCE-based analysis is more
expensive and time-consuming than performing identical analyses on

conventional capillaries.

4.2 Fabrication of PDMS microchips:

The procedure used to fabricate the PDMS microchips used in the
2bFCCS-CFMCCE experiments was adopted from a procedure developed by
Henry and coworkers?*®2. Jon Vickers aided me in PDMS microchip fabrication,
especially in the fabrication of PDMS mold masters and masks. A schematic

outlining the fabrication of PDMS microchips can be seen in figure 4.1.

4.2.1 Fabrication of Masks:

The masks used in fabrication of the molds were constructed of high-
resolution transparancies. Negative drawings of the channel patterns were
composed to scale in Adobe lllustrator 9.0. High-resolution transparancies were
then printed using a high-resolution printer located in the Colorado State

University Academic Computing and Networking Services Weber building lab.
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Figure 4.1: Schematic of PDMS microchip fabrication. A silicon wafer is cleaned
and then coated with a negative photoresist. The wafer is then exposed to light
filtered by a high-resolution mask. The unexposed photoresist is washed away,
and PDMS is poured over the resulting mold. The PDMS is then cured by
baking, and subsequently bonded to a glass microscope coverslip, at which point

the microchip is ready for use.
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Masks were used for patterning channel widths from approximately 25 um to 75

um, with 50 um being the channel width used to collect the data presented here.

4.2.2 Fabrication of PDMS Mold Masters:

A 3-inch silicon wafer (Silicon Valley Microelectronics, Inc.) is first cleaned
and oxidized with piranha solution (2:1 H,S04:H,05) for approximately 5 min
followed by a thorough rinse with ultrapure 18 MQ water. The wafer is then
placed in an oven at 65°C to dry for approximately 15 min. The dry wafer is then
coated with SU-8 2035 negative photoresist (MicroChem Co.) using a spin coater
with ~1 mL of photoresist/inch of wafer coated. A spread cycle of 500 rpm for 10-
s, followed by 2500 rpm for 30 s was used. The photoresist-coated wafer is then
soft baked by placing it on a 65°C hot plate for 3 min followed by a 95°C hot plate
for 5 min. The soft-baked photoresist-coated wafer is then exposed through a
mask to a near-UV light source for 7 s. The exposed wafer is then baked again
at 65°C for 2 min, followed by 95°C for 6 min. The unexposed photoresist is
removed by immersing the wafer in propylene glycol methyl ether acetate for
approximately 30 min followed by baking/drying on a hot plate at 65°C for
another 30 min. This process forms a positive-relief pattern approximately 20 um
in height on the surface of the wafer. Once dry, the wafer is washed with
acetone, methanol, and ultrapure water and dried under an N stream. The

exposed silicon surface of the mold is then made hydrophobic by reaction with
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hexadimethyldisilazane at 65°C for approximately 6 hours. This prevents the

PDMS from adhering irreversibly to the mold during PDMS microchip fabrication.
4.2.3 PDMS Microchip Fabrication:

A degassed mixture of Sylgard 184 elastomer and curing agent (10:1)
(Dow Corning, Midland, MI) was poured over the mold master to a depth of ~0.5-
cm and allowed to cure for ~2-3 hours at 65°C. Once the PDMS has cured, it
can simply be peeled away from the mold master, with channel(s) shaped by the
positive relief pattern on the mold master. Reservoirs are punched at the ends of
the channels using a 6 mm hole-punch. The surface of the PDMS is cleaned
using methanol and then dried in an oven at 65°C. The PDMS is then placed in
an air plasma cleaner (Harrick Plasma Cleaner/Sterilizer PDS-32G) and is
oxidized at high power for 30 s. The PDMS is then brought into conformal
contact with a piranha-cleaned glass microscope cover slip (~170 um thick) to
formran irreversible seal which is strong enough such that the PDMS and glass
cannot be pulled apart without destroying the microchip. A picture of a PDMS

microchip fabricated in the above manner can be seen in figure 4.2.
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Figure 4.2: A single channel electrophoresis PDMS microchip with an

electrophoresis channel 1-cm in length, 40-um in width, and 20-um deep. This
microchip was fabricated at Colorado State University. The chip is operated in

continuous flow mode by applying an electrical potential across the two sample
wells. Platinum electrodes are immersed into the wells and connected to a high

voltage power supply.
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4.3 Fabrication of Glass Microchips:

All glass microchips were fabricated by Vinod Anumareddy?®® according to
a procedure adopted from the literature®*3°. A schematic outlining the fabrication

of glass microchips can be seen in figures 4.3 and 4.4.

4.3.1 Fabrication of Masks:
Masks were fabricated by Vinod Anumareddy using the same procedure

outlined in section 4.2.1.

4.3.2 Etching Microchannels in Glass Substrates:

All of the procedure information presented here was developed and
implemented by Vinod Anumareddy?®.
4.3.2.1 Selection of Glass Substrate Used:

The glass selected for the study was Pyrex 7740 (Chemglass Inc,
Vineland, NJ). This glass was selected for two reasons; it exhibits favorable
etching properties, and it is the same type of glass as the microscope cover slips
(Fisher Scientific, Pittsburgh, PA) to which it was thermally bonded. If the
thermally bound glasses are of two different types, the bonds are relatively

unstable and susceptible to fracture.
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Figure 4.3: Schematic of the initial process of glass microchip fabrication.

Piranha-cleaned glass is coated with alternating gold and chromium metal layers
deposited through e-beam evaporation. A positive photoresist is then spin-cast
on top of the metal layers. The photoresist/metal coated glass is then exposed to
UV light through a mask. The exposed resist is then removed, exposing the

metal layers underneath in the pattern defined by the mask.
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Figure 4.4: Schematic of the second half of the process of glass microchip
fabrication. The top image depicts the photoresist/metal coated glass with
exposed regions of the resist having been washed away, exposing the metal
underneath regions where the resist was exposed to UV light. The exposed
metal is then etched away, exposing the glass surface in the desired patterned
locations. The glass is then etched with an HF solution. The remaining
unexposed photoresist and metal layers are then removed to yield the etched
glass substrate. The glass substrate is then thermally bonded to a glass

microscope cover slip to yield microchannels in the desired configuration.
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4.3.2.2 Deposition of Metal Layers:

Due to the extremely reactive nature of the HF solution used to etch
channels in the glass substrate, it was necessary to deposit protective metal
layers in addition to the photoresist used in order to prevent the etchant solution
undercutting the photoresist layer, which would cause non-specific etching of the
glass substrate. Gold and Chromium (Electronic Space Products International)
were deposited in alternating layers for a total of 4 layers (2 each of Au and Cr)
using electron-beam evaporation. The metal-coated glass substrate was then
baked at 110°C for 1 hour to remove stresses from the metal layers.
4.3.2.3 Photolithography:

After the protective metal layers have been applied to the glass substrate,
the photoresist used to create patterns can be applied. The photoresist used
was Shipley 1818 (Shipley Corporation, Marlborough, MA), a positive
photoresist. The photoresist was applied by spin casting at 4000 rpm for 30 s.
The photoresist coated substrate was then baked at 90°C for 2 min. The
photoresist coated substrate is then exposed through a mask to a near-UV light
source for 11 s. Development of the photoresist coated substrate in 4:1 AZ 400K
developer(Clariant Corporation, Somerville, NJ):ultrapure water results in
dissolution of the photoresist regions exposed to the UV light, exposing the metal
underneath. The developed substrate is then baked at 110°C for 5 min prior to
metal etching. The exposed gold metal layers were etched using a solution of
4:1:40 Kl:15:H,O. The exposed chromium layers were etched using chrome

etchant (Alfa Aesar, Ward Hill, MA). The etchant steps resulted in exposed glass
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confined to the areas in which the microchannels are to be formed, with
photoresist and metal layers still coating the regions of the glass substrate which
were to be kept as-is.

4.3.2.4 Wet Chemical Etching and Removal of Remaining Photoresist and
Metal:

Microchannels and other features were etched into the exposed glass
using a solution of 48% HF. The HF etched the glass at a rate of ~10 um/min.
After HF etching, the glass substrate was washed with ultrapure water, then with
acetone, which removed the remaining photoresist. After the photoresist is
removed the remaining gold and chromium layers were removed using the
etchants described in the previous section. The patterned glass substrate was
then cleaned in piranha solution to remove remaining contamination prior to

thermal bonding.

4.3.3 Reservoir Formation and Thermal Bonding:

Reservoirs were formed at the ends of the microchannels by drilling with a
diamond-tipped drill bit. After drilling, the patterned glass substrate and a
microscope coverslip (~170 um thick) were piranha cleaned for 12 hours to
ensure removal of all contaminants. The patterned glass substrate and glass
coverslip were then arranged in the preferred configuration, placed between two
quartz blocks, weighted with a 1 kg steel block, and bonded for 4 hours at 656°C.

Figure 4.5 shows a picture of a 44 channel-array glass microchip fabricated by
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Figure 4.5: A glass microchip containing an array of 40 electrophoresis channels
on a 1x1-in? glass slide. A glass coverslip is thermally bonded to the channel
array. The drilled holes are fluid and electrode access ports. Each pair of access
holes is connected by a different electrophoresis channel. The channel

dimensions are 50-um width, 15-um depth, and 1-mm length.
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Vinod Anumareddy using the above procedure. The channels are 1 mm in

length by 50 pm in width by 15 pm in depth.

4.4 Experiments Conducted on PDMS Microchips:

4.4.1 Sample Preparation:

Nanomolar solutions of Rhodamine 6G (R6G, Eastman Kodak, Rochester,
NY), TAMRA (Molecular Probes, Eugene, OR), and 39-oligo poly(dT) single
stranded DNA, labeled at the &' end with TAMRA (TAMRA-ssDNA, Qiagen,
Alameda, CA), were prepared in tris-Glycine buffer at pH 8.3 (0.025-M Tris-HCI,
0.192-M Glycine, Sigma, St. Louis, MO). In the experiments, one of two different
coatings was used to suppress wall interactions and control EOF. A dynamic
coating added to the sample buffer solutions was 0.055-wt%
poly(vinylpyrrolidone) (PVP, My, = 10° g/mol, Sigma), which suppresses EOF and
prevents adsorption to the capillary walls.*® PVP does not alter the viscosity of
the solution at this concentration and was assumed to have no effect on the
motion of the analytes. The other coating, which was applied through
pretreatment of the microchip, was a 5% solution of hexadimethrine bromide
(polybrene)(Sigma, St. Louis, MO). Polybrene is a positively charged surfactant

that adsorbs to the walls of the channel, and in so doing, reverses the EOF by
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reversing the charge state of the surface. Polybrene also suppresses wall

interactions of the analytes®’.

4.4.2 Instrumentation:

The 2bFCCS-CFMCCE apparatus used was similar to that described in
chapter 2. Briefly, a 514.5-nm laser beam from an air-cooled, continuous wave
Ar’ laser (Midwest Laser Products, Frankfort, IL) was split and then recombined
into two nearly parallel beams by two 50/50 beamsplitters (Newport, Irvine, CA).
The two beams were adjusted in power to 4.1 m\W using the appropriate
absorptive neutral density filters (Newport). The two laser beams were then
directed into the back of a Nikon TE2000 U inverted optical microscope (Nikon,
Inc., Melville, NY), reflected by a 514 dichroic beamsplitter, and focused by a
100X, 1.3NA Nikan Plan Fluor objective (Nikon, Inc., Melville, NY) into the PDMS
(or glass) microchips mounted on a scanning stage with ~100 nm resolution
(Applied Scientific Instrumentation MS-2000 XYZ-stage, Applied Scientific
Instrumentation, Eugene, OR). The two laser beams formed nearly identical
diffraction limited focal regions, separated along the axial dimension of the
capillary by a distance of ~3-um and positioned ~ 6 ym below the inner glass
surface of the capillary. A ~200-500 V/cm electric field was applied to the
microchip by means of platinum electrodes connected to a high voltage power
supply (custom built by Colorado State University Chemistry Department’s

electronics technician). Fluorescence from each focal region, was collected by
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the same objective, split by a 50/50 cubic beamsplitter (Thorlabs, Newton, NJ),
spatially filtered by 50 pm pinholes (Thorlabs, Newton, NJ), and filtered by 535-
nm long pass interference filters (Omega Optical, Brattleboro, VT). The spatially
and spectrally filtered light was then focused onto two single photon counting
avalanche photodiode detectors (PerkinElmer Optoelectronics, model SPCM-
AQR-14, Wellesley, MA) using aspheric lenses (Newport, Irvine, CA). The
photocounts from the two detectors were cross-correlated using an ALV-
6010/160 digital correlator card (ALV, Langen, Germany) mounted in a Pentium

computer.

4.4.3 Results and Discussion:

4.4.3.1 PDMS T-Chip

Initial 2bFCCS-CFMCCE experiments were performed on a PDMS “T-
chip” microchip like that in figure 4.6 in order to demonstrate the feasibility of
performing 2bFCCS analysis on PDMS microchips. The masks and mold
masters had been previously fabricated by Jon Vickers of the Henry lab in the
Colorado State University Chemistry Department. | constructed the PDMS
microchip in figure 4.6 using the mold master.

Figure 4.7 shows the forward and reverse cross-correlation functions and
their respective theoretical fits for a three component mixture containing 1.5-nM
R6G, 4-nM TAMRA, and 1-nM TAMRA-ssDNA flowing through the microchip

under the influence of an applied electric field of 429 V/cm. This data was
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Figure 4.6: A crossed-T electrophoresis microchip with a centimeter ruler for

scale. This chip was fabricated at Colorado State University. The main
electrophoresis channel is 3.5 cm in length, 50 um in width, and 20 pym deep.
Fluid flow is induced by means of platinum electrodes immersed in the sample
wells and connected to a switching high-voltage power supply. The chip can be
operated in both separations mode and continuous flow mode. When operated in
continuous flow mode, the analyte solution fills all sample wells and both
channels. Sample wells 1, 2, and 3 are held at the same potential, and well 4 is
connected to ground. This causes the fluid to sample to flow continuously

through the main electrophoresis channel.
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Figure 4.7: Experimental data (diamonds) obtained from a mixture of TAMRA,
R6G, and TAMRA-ssDNA that has been fit (solid lines) using the appropriate
theoretical models. A solution of 4 nm TAMRA, 1.5 nm R6G, and 1 nm TAMRA-
ssDNA in a pH 8.3 Tris-Glycine buffer with 0.055-wt% PVP was analyzed by
applying an electric field of 429 V/cm across the channel between wells 2 and 4
on the microchip in figure 4.6. The individual cross-correlation peaks were

identified using control experiments conducted at the same conditions.
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Parameter

w, (Hm)
R (um)

T grec (MS)

V, (mm/s)
7, (ms)
74 (MS)

D (pm?*/ms)

Nicorr (%)
Niexp(%0)

Table 4.1: PDMS T-Chip Data®

R6G control experiments®

0.2706(12)
3.158(95)
0.0610(52)

Cross-Correlation Analysis of 3-Component Mixture®

R6G TAMRA TAMRA-ssDNA
-1.823(14) -0.883(11) 1.641(23)
1.733(54) 3.58(12) 1.924(64)
0.212(22) 0.306(42) 0.44(11)
0.0863(90) 0.0598(82) 0.041(10)

0.001036(33) 0.000725(30) 0.000675(52)
Relative Concentrations”

R6G TAMRA TAMRA-ssDNA
19.1(25) 65.9(50) 15.0(18)
23.5(22) 57.7(40) 18.7(23)

*Numbers in parenthesis are the uncertainties in the last digits reported to one

standard deviation.

de,Rsa was obtained from the fitting of autocorrelation

data, w, was obtained from z, x4 through the relation, 7, g = w2 /4Dpg , USINg

the value of D, =3.0x10%cm*/s, and R was determined from fitting R6G
cross-correlation data. ‘R andw,were held constant at 3.158(95) pm and

0.2706(12) pm, respectively in the analysis of the cross-correlation data

presented in figure 4.7. “Nj.., is the relative concentration as determined from
cross-correlation analysis. M., is the expected relative concentration as

determined from dilution of known stock solutions.
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obtained using PVP as the coating used to suppress wall interactions and EOF.
The parameters obtained from the theoretical fits can be seen in Table 4.1. The
theory used to determine the theoretical fits has already been discussed in
chapters 2 and 3. Control experiments to determine the parameters wo and R
using a R6G standard solution were conducted using the same procedure as
presented in chapter 3. Note that on the PDMS microchip EOF must be nonzero,
because the TAMRA, a negative ion in the buffer conditions used, now appears
in the same cross-correlation channel as the R6G, a positive ion. The TAMRA
and R6G cross-correlation peaks in the reverse channel (red peaks in figure 4.7)

were fit according to the equation:

Galr)= BR+APA[E%;J+AICXP[%(€$%}+Azexp{;j:(}!%%} (4.1)
subscripts 1 and 2 denote the parameters corresponding to R6G and TAMRA,
respectively. The parameters w, and R were held constant to the values
presented in table 4.1 when fitting the data using equation 4.1.

The TAMRA-ssDNA appears in the forward channel of the cross-
correlation experiment (black peaks in figure 4.7), indicating its migration velocity
is enough to overcome the EOF. The TAMRA-ssDNA cross-correlation peak

was fit according to the equation:

G (T) =B + 4p, ('hl—j + Apyy eXPI: _ (R — VX’DNAT) :] (4.2)

1+7/7p, 02 1+7/7 o)

The parameters wo and R were held constant to the values presented in table 4.1

when fitting the data using equation 4.1.
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The relative concentrations of the respective species (table 4.1) were

found using the methodology described in chapter 3 and the equation:

o 0) - s (43)

) ZA,-TLJ-/(K,-@J)

The fluorescent lifetime (¢ f,,.), fluorescence detection/collection efficiency (x,),
and fluorescence quantum yield (¢f,i) of each species, i, were assumed to be

identical to the values presented in table 3.2 in chapter 3, due to the similarity of
the optical components and experimental conditions used. Note that the relative
concentrations of the three analytes are determined with ~10-% precision, and
that they agree with the expected values within experimental error. The errors in
the expected concentrations were estimated from the precision of the pipettes
used to prepare the solutions and the errors in the standard solution
concentrations.

Inspection of figure 4.7 and of the values presented in table 4.1 brings to
light two somewhat disconcerting features. In figure 4.7, the pseudo-
autocorrelations (refer to section 3.4.1, chapter 3 for a discussion of pseudo-
autocorrelation) and baselines of the forward and reverse cross-correlation data
appear to be particularly noisy when compared to those presented in figure 3.3
(chapter 3). In addition, the diffusion constants of all three species, in similar
buffer conditions, are approximately 3 times smaller than those presented in
table 3.2, chapter 3. Both of thesé experimental anomalies point to a possible
source of experimental error with the analysis performed in the PDMS T-chip.

The anomalies are consistent with what might be expected if there are strong
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wall interactions between the analyte species and the PDMS microchannel walls.
It should be noted that the data in chapter 3 was obtained in a glass capillary
coated with a permanent PVA polymer coating. The chemistry, surface
roughness, and porosity of PDMS is significantly different from that of PVA-
coated glass. If the analyte species’ wall interactions are significant, one would
expect two things to happen that would cause the experimental anomalies
discussed above; analyte species would have slower effective diffusion times,
and the background noise in the experiment would be elevated, making
correlation analysis more difficult. Numerous experiments in PDMS
microchannels of multiple microchips seemed to confirm this hypothesis.
Background fluorescence was found to be a significant problem. PDMS
microchips used for only 1 or 2 experiments exhibited high rates of background
fluorescence even after extended washing with detergents and blank buffer
solutions. In addition, the migration velocites of the different analyte species
varied significantly from run to run. This was most likely due to variable and
unpredectible EOF. Because it was necessary for optical reasons to use glass
coverslips to focus the laser light through, the microchannel was formed from
heterogenuous materials (PDMS and glass), which can contribute to nonuniform,
sporadic EOF. It was nearly impossible to obtain reproducible cross-correlation
data. For this reason, different buffer and coating conditions were used in later
experiments to try to address the difference in using PDMS as the microchannel

material in place of glass.

127



4.4.3.2 PDMS Single-Channel Chip:

Further 2bFCCS-CFMCCE experiments on PDMS microchips were
performed on a chip like that seen in figure 4.2. This demonstrated the capability
of 2bFCCS-CFMCCE to perform analysis on PDMS microchips that have a
design format incompatible with conventional MCCE analysis. The single-
channel design and relatively short (1-cm) microchannel are two features that
show the design advantage offered by 2bFCCS-CFMCCE. Jon Vickers
fabricated the mask used to fabricate the single-channel chip, while | fabricated
the mold master and PDMS microchip.

Figure 4.8 shows the forward and reverse cross-correlation functions and
their respective theoretical fits for a two component mixture containing 1-nM R6G
and 1.5-nM TAMRA flowing through the microchip under the influence of an
applied electric field of 285 V/cm. This data was obtained using polybrene as the
coating used to suppress wall interactions. Note that use of the polybrene
reverses the electroosmotic flow. The parameters obtained from the theoretical
fits can be seen in Table 4.2. The theory used to determine the theoretical fits
has already been discussed in chapters 2 and 3. Control experiments to
determine the parameters w, and R using a R6G standard solution were
conducted using the same procedure as presented in chapter 3. The TAMRA
and R6G cross-correlation peaks in the reverse channel (red peaks in figure 4.8)
were fit according to equation 4.1. The subscripts 1 and 2 in equation 4.1 denote
the parameters corresponding to TAMRA and R6G, respectively (the opposite

denotation used for equation 4.1 with the T-chip data). The parameters wo and R
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Figure 4.8: Experimental data (diamonds) obtained from a mixture of TAMRA
and R6G that has been fit (solid lines) using the appropriate theoretical models.
The electrophoresis channel of the microchip in figure 4.2 was pretreated with
the cationic polymer Polybrene (PB) to reduce interaction of analytes with PDMS.
Note that treatment with PB results in a reversal in the direction of electroosmotic
flow. A solution of 1.6 nm TAMRA and 1 nm R6G in a pH 8.3 Tris-Glycine buffer
was then analyzed by applying an electric field of 285 V/cm across the microchip.
The individual cross-correlation peaks were identiﬁed using control experiments

conducted at the same conditions.

129



Parameter

@, (pm)
R (nm)

T srec (INS)

Vy (mm/s)
7 (ms)
74 (ms)

D (pm?*/ms)

Nicorr (%)
N i,exp (%)

®Numbers in parenthesis are the uncertainties in the last digits reported to one

standard deviation. de,Rsc was obtained from the fitting of autocorrelation

data, @, was obtained from z, geq through the relation, z, gec = 02 /4Dp; , USING
the value of D, =3.0x10"cm?/s, and R was determined from fitting R6G

cross-correlation data. ‘R andw,were held constant at 3.30(11) pm and

0.329(55) um, respectively in the analysis of the cross-correlation data
presented in figure 4.8. “N;.. is the relative concentration as determined from
cross-correlation analysis. N, is the expected relative concentration as
determined from dilution of known stock solutions.

Table 4.2: PDMS Single Channel Chip Data®

R6G control experiments®

0.329(55)
3.30(11)
0.090(30)

Cross-Correlation Analysis of 2-Component Mixture®

R6G TAMRA
-1.079(32) -3.583(48)
3.06(14) 0.921(33)
0.072(12) 0.0819(94)
0.377(89) 0.331(67)
0.000590(32) 0.001087(39)

Relative Concentrations®

R6G TAMRA
35.1(46) 64.9(50)
39.2(37) 60.8(42)
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were held constant to the values presented in table 4.2 when fitting the data
using equation 4.1.

The forward channel of the cross-correlation experiment (black data in
figure 4.8) is essentially blank cross-correlation data. Pseudo-autocorrelation
contributed to the signal in the forward channel and was fit according to the

equation:

G (T) =B, +4,, (_—l‘—J (4.4)

l+7/7,,

The data obtained from fitting the forward cross-correlation channel data to
equation 4.4 has no physical meaning, and so none of the information obtained
from the fit is presented here

The relative concentrations of the respective species were found using the
same procedure discussed earlier, with the use of equation 4.3. The data is
presented in table 4.2. Note that the relative concentrations of the three analytes
are determined with ~10-% precision, and that they agree with the expected
values within experimental error. The errors in the expected concentrations were
estimated from the precision of the pipettes used to prepare the solutions and the
errors in the standard solution concentrations.

Comparison of figures 4.7 and 4.8 as well as the information in tables 4.1
and 4.2 reveal some interesting insights into the performance of the polybrene
coating in relation to the PVP dynamic coating used for the T-chip data.
Inspection of the diffusion constants found for TAMRA and R6G reveals values
similar to those found in chapter 3 (Table 3.2), which, as discussed in chapter 3,

agreed well with literature values. In addition, the baselines appear to be much
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better defined in figure 4.8 versus figure 4.7. This indicates that the polybrene
was better than the PVP at suppressing analyte wall interactions in PDMS.
Unfortunately, despite these promising results, it was found that it was still
difficult to achieve reproducible results in PDMS microchips, even with the
polybrene coating. Chips could only be used for a few experiments before
background fluorescence and sporadic EOF became a problem. This problem
necessitated the frequent fabrication of new chips, which was both time-
consuming and expensive. For this reason, my focus switched to glass
microchips. The success and reproducibility of experiments conducted on fused-
silica capillaries indicated that perhaps glass was a better suited wall material for
2bFCCS-CFMCCE than PDMS. In the next section, data obtained on glass

microchips will be described.

4.5 Experiments Conducted on Glass Microchip:

While 2bFCCS-CFMCCE showed promise on PDMS microchips, the
difficulty in obtaining reproducible results led to the decision to investigate
2bFCCS-CFMCCE on glass microchips. Reproducible 2bFCCS-CFCE
experiments were obtained in fused silica capillaries coated with PVA, and it was
thought that if glass microchips could be fabricated and subsequently coated with
PVA, the similarity between fused-silica capillaries’ and glass microchips’ wall

chemistry could possibly indicate that glass microchips would be a platform more
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suited for 2bFCCS-CFMCCE than PDMS microchips. Unfortunately, the
fabrication of glass microchips is somewhat more involved than the fabrication of
PDMS microchips. For this reason, Vinod Anumareddy, an electrical and
computer engineering masters student at Colorado State University, made it his
goal to perfect the glass microchip fabrication process for our group, and supply
me with glass microchips for the purpose of performing 2bFCCS-CFMCCE

analysis.

4.5.1 Coating Procedure:

The PVA coating procedure described in detail in chapter 2 could not be
used to coat the glass microchips used in the 2bFCCS-CFMCCE experiments.
The reason for this is that we did not have the appropriate equipment for injecting
the PVA solutions into the microchannels at the required pressures. For this
reason, a modified PVA coating procedure was developed which did not require
high pressure. A solution of 0.25% PVA, 5% glutaraldehyde, and 1M HCI was
made and immediately drawn into the microchip channel through the use of a
syringe. The chip was then completely submersed in the reacting polymer
solution and allowed to incubate for ~15 min. During this time, the polymerization
reaction could be monitored by observation of the appearance of white PVA
precipitate in the reaction solution. After the incubation period was complete, the
chip was removed from the solution and washed with blank tris-glycine buffer and

was ready for use. Two assumptions were made in the development of this
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coating procedure for microchips; the polymerization reaction proceeded slowly
enough such that the bulk of the polymerization occurred after introduction into
the microchannel, and that the polymer produced in the polymerization reaction
would preferentially deposit on the walls of the microchannel in a relatively
uniform manner. Microchips coated in this manner proved to yield more
reproducible results and to suffer from less fluorescence background problems
than uncoated glass chips, so it was apparent that the coating procedure was at

least somewhat successful.

4.5.2 Sample Preparation and Instrumentation:

40-oligo poly(dT) single-stranded DNA (polythymine) labeled at the 5’ end
with Rhodamine 6G (R6G-ssDNA, Operon Biotechnologies, Huntsville, AL) was
prepared in tris-EDTA buffer at pH 8.0 (10mM Tris-HCI, 1mM EDTA, Sigma, St.
Louis, MO). The buffer solution also contained 0.125-wt% poly(vinylpyrrolidone)
(PVP, Mw = 10° g/mol, Sigma), which served as a dynamic coating to suppress
EOF and prevent adsorption to the capillary walls.*® The instrumentation used in
the glass microchip experiments is the same as that used in the PDMS microchip

experiments.
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4.5.3 Results and Discussion:

2bFCCS-CFMCCE experiments were performed on glass microchips like
that seen in figure 4.5, and on ones with the same design format as figure 4.2 (1-
cm length channel, 40-pm wide X 20-um deep) but made of glass instead of
PDMS. All glass microchips were fabricated by Vinod Anumareddy.
4.5.3.1 Glass Microchip with 44 channels:

The glass microchip pictured in figure 4.5 was an intriguing starting point
for the study of 2bFCCS-CFMCCE on glass microchips. The channel
dimensions and compact array of microchannels fully illustrated, conceptually,
the advantage that 2bFCCS-CFMCCE offers over conventional MCCE. ltis
impossible to arrange 44 separate MCCE separation channels in 1X1 in% the
requirement of macroscopic separation in conventional MCCE simply cannot be
met on such scales and with the channel format shown. Unfortunately, the fluid
handling requirements of the microchip in figure 4.5 proved to hinder the ability to
take data. The close proximity and small size of the access wells of the glass
microchip in figure 4.5 made it extremely difficult to introduce sample, perform
channel buffer washes, and keep the fluid levels in the wells at both ends of the
microchannel even. In addition, evaporation of sample buffer from the wells
quickly introduced bubbles into the channels, and altered the conductivity of
solutions. Every attempt to obtain meaningful 2bFCCS-CFMCCE data fell short.
While some experimental cross-correlation data was seen, the flourescent signal

was extremely unstable due to the factors listed above, and no data worthy of
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theoretical fitting was obtained. In addition, the construction of the 44
microchannel chip was labor-intensive. The separate hand drilling of 88 wells to
serve as fluid ports proved to be a real pain, and difficult to perform precisely. A
more elegant microchip fabrication strategy and fluid handling strategy would
have allowed more extensive testing of this particular microchip format.
Unfortunately, given the state of development of the 2bFCCS-CFMCCE
technique, it was deemed more prudent to investigate a simpler glass microchip
system.
4.5.3.2 Single-Channel Glass Microchip

Figure 4.9 shows 2bFCCS-CFMCCE data collected on a glass microchip
with the same dimensions as the PDMS microchip pictured in figure 4.2. As one
can see, as the voltage is increased, the ssDNA migrates faster, and thus the
peaks are positioned at shorter lag times on the x-axis. Unfortunately, while this
data appears to be good, and the voltage trend makes intuitive sense, the
theoretical fitting of this data was inconclusive. In other words, determination of
parameters such as 14, V5, etc. from the fitting procedure yielded nonsensical
values. Unfortunately problems such as this plagued the data obtained on glass
microchips. Perhaps the coating procedure, though it seemed to yield better
data than uncoated chips, was insufficient, and the experiments were still
plagued by sporadic EOF and wall effects. Other possible sources of error
involved with glass microchips are related to the fabrication process. Glass

microchannels that are formed through HF etching can have high surface
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Figure 4.9: Cross-correlation data obtained from the observation of nanomolar
solutions of 40-oligo poly(dT) single-stranded DNA (polythymine) labeled at the 5’
end with Rhodamine 6G (R6G-ssDNA). The dependence of the migration
velocity on applied voltage can be seen. Shorter lag times indicate faster R6G-

ssDNA migration between the two laser-foci.
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roughness when compared to the inner walls of fused silica capillaries. This
could potentially lead to unpredictable effects in the EOF on-chip.

Another possibility which would help explain the difficulty in fitting the data
presented in figure 4.9 is related to the glass bonding process. The 2bFCCS
theoretical model, and thus data fitting, is extremely dependent on the geometry
of the laser focus used to excite the fluorophores studied by 2bFCCS analysis.
In the fused silica capillaries and PDMS microchips, the laser is focused through
smooth capillary walls, or through microscope coverslips of high optical quality.
While the glass surface the laser was focused through in glass microchips was a
microscope coverslip, this was a microscope coverslip that had been bonded to a
glass microchip at high temperature. Numerous glass microchips had to be
disposed of after the thermal bonding process because the coverslips interacted
unfavorably with the quartz blocks which pressed the coverslip and microchip
together. The coarse surface texture of the quartz blocks was often imprinted
onto the coverslip at high temperature. In addition, distortions visible to the
naked eye were visible on some coverslips after bonding. If the laser was
focused through coverslips with optical defects, then the laser focus would no
longer be the gaussian, oval-like shape used in the theoretical model for data
fitting. Thus, the model would no longer be valid, and any data fit using the
wrong model would provide meaningless information.

Ultimately, though glass microchips had promising microchannel
chemistry, the difficulties involved in fabricating microchips with favorable optical

properties limited their application. The process of glass microchip fabrication
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was time-consuming and expensive and the failure rate was high. Though
tantalizing data like that seen in figure 4.9 was obtained, it proved to be

unamenable to theoretical fits.

4.6 Conclusion:

The technique of 2bFCCS-CFMCCE showed a lot of promise for
expanding the design options of MCCE techniques. Cross-correlation analysis
was successfully performed on PDMS microchips, some with design features
unique to the 2bFCCS-CFMCCE technique. Cross-correlation data was also
obtained on glass microchips, though comprehensive analysis of the data proved
to be problematic.

Although bringing the 2bFCCS-CFMCCE technique to maturity was
beyond the scope of the work performed here, possibilities remain for further
development of the technique. Fabrication processes for both PDMS and glass
microchips could be performed to greater control the wall chemistry and surface
roughness. For instance, the hardness and porosity of the PDMS can be
controlled by using varying ratios of elastomer and curing agent®®. In addition,
there are a multitude of possible coatings and plasma oxidation techniques that
can be used to tailor PDMS surface chemistry. Glass microchips have the same
multitude of options for coating chemistry®. Both types of chips could be

equipped with more elegant fluid handling technology, which would enable such
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things as applying the PVA coating under the same conditions as used in fused
silica capillaries®.

There were numerous possible routes for optimization of the fabrication
techniques used for the microchips, especially glass. A variety of possible HF-
based etchants can be used to fabricate the microchannels. Careful selection
and optimization of HF etching conditions can lead to smoother microchannel
walls, and thus more stable EOF?2. In addition, perhaps the most difficult step of
the glass microchip fabrication is the thermal bonding process. Careful
optimization of the thermal bonding step could yield glass microchips with higher
optical quality. The thermal bonding process is extremely dependent on the
bonding surfaces of the two glass pieces?®. Any dirt or contamination can
completely alter the bonding process. Though all glass surfaces to be bonded
were thoroughly cleaned, the bonding process was not performed in a clean
room, opening the possibility of greater surface contamination. In addition, once
the glass surfaces are bonded, it is possible to perform grinding on glass
surfaces to improve their optical quality?®.

The scope of the 2bFCCS-CFMCCE experimentation performed here
barely scratches the surface of possible microchip design and optimization. As a
proof of concept, the work was successful in showing the promise of the
technyique for expanding the design options and experimental possibilities of
MCCE. Ultimately the expense and time involved in optimization of the

technique proved to be beyond the scope intended for the work, and so 2bFCCS
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on microchips was discontinued in favor of the study of interesting systems on

the more stable and predictable platform of fused silica capillaries.
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Chapter 5: 2bFCCS-CFCE for Interrogating the

lonic Atmosphere of Single-Stranded DNA

This chapter describes the development of two-beam fluorescence cross-
correlation spectroscopy coupled with continuous-flow capillary electrophoresis
(2bFCCS-CFCE) for the investigation of DNA-magnesium interactions.
Magnesium-DNA interactions are investigtaed through the measurement of the
effective charge of the DNA in a capillary electrophoresis experiment. The
effective charge measurement is nearly impossible using conventional capillary
electrophofesis. The technique of 2bFCCS-CFCE, however, is shown to be
capable of making this measurement. To my knowledge, this is the first
experimental determination of the effective charge of DNA in a capillary
electrophoresis experiment. The work that contributes to this chapter was

performed over the period from Febuary 2005 to present.
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5.1 Introduction:

The ionic atmosphere of biological macromolecules in free solution plays
an important role in their function and structure™®. An example is the impact of
divalent cations, such as Mg?*, on the behavior of DNA. Magnesium counterions
have been found to strongly interact with nucleotide bases such as guanine, and
with the free oxygens of the phosphate backbone'®'. These interactions affect
DNA's behavior in replication, tertiary structure formation, and in its interaction
with RNA and enzymes. Theoretical studies have found that magnesium’s role in
the structure of DNA is so important that it cannot be explained by electrostatics
alone, as it is also an important contributor to the hydrogen bonding of DNA |
nucleotides' ™. A possible way to study magnesium binding to DNA is through
the measurement of effective charge. A DNA’s chemical charge is well known,
as it is simply a matter of counting the phosphate groups in the DNA backbone.
Effective charge, however, is a much more difficult quantity to determine, as itis
the chemical charge of the DNA minus the collective charge of associated
counterions. Comparison of chemical and effective charge can provide
quantitative information about magnesium-DNA interactions and new insight into
the important role magnesium plays in our biochemistry.

An apparently ideal method for measuring effective charge is capillary
zone electrophoresis (CZE). In CZE, the effective charge of a species is

determined through an examination of the species’ electrophoretic mobility, 4 :
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qeﬁr
== 5.1

where ¢, is the effective charge and f'is the frictional factor, which is related to

the diffusion constant, D, of the species by:

k,T
=B 5.2
f=2 (5.2)
where k;is the Boltzmann constant and 7 is the temperature. Combining
equations 5.1 and 5.2 leads to:
quﬁ"
=29 5.3
AT (5.3)

Thus, if one wants to determine the effective charge of a species, one would
determine the electrophoretic mobility and diffusion constant of the species
experimentally and calculate its effective charge using equation 5.3.

In CZE, the electrophoretic mobility of a species can be found from the

migration velocity, v, of a species in a particular electric field, E:

H= E (5.4)

The migration velocity of a species in CZE can be found from the length of the

capillary in which the separation occurs and the timescale of the experiment,

y= % At this point, it is important to remember the contribution by
electroosmotic flow (EOF) to the apparent electrophoretic mobility of a species in
CZE. The inner surface of the fused silica capillaries commonly used in CZE is

negatively charged. This creates a positively charged ionic double layer near the

capillary walls which migrates toward the cathode when an electric field is
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applied. The migration towards the cathode results in bulk solvent flow, or
electroosmotic flow, due to drag. The migration velocity of a species thus has
two contributions: the interaction of the species with the electric field as depicted
in equation 5.3, and the electroosmotic flow contribution. Equation 5.4 must

therefore be rewritten as:
y
(/Ue + /uEOF) = E (9.5)

where y, is the electrophoretic mobility of the species (eq. 5.3), and . is the

contribution to the mobility from electroosmotic flow'®. If the electroosmotic flow

of the CZE experiment can be determined, x, can be obtained.

The other important experimental variable calculation necessary for the
determination of effective charge is the diffusion constant of the species, D. In
CZE, diffusion impacts the experiment by broadening the zone containing the
migrating analyte. This zone broadening means that information relating to D is
contained in the peak width, or variance, of an electropherogram. If diffusion
were the only contribution to peak variance in CZE, then obtaining the diffusion
constants of analytes would be a relatively simple task. Unfortunately there are

many more contributions to the variance, and accurately determining diffusion

constants by using CZE is an uncertain venture. The total peak variance, o, , of
a CZE electropherogram peak can be represented as a linear summation of
variances due to various zone broadening effects:

Oy = O'jsz + O-zij + Oy + Oy + O +02, + O-/%Io (5.6)
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where ajiff is variance contribution of diffusion, o, is the variance due to

inj
sample injection, o2, is the variance due to wall effects, o2, is the variance due
to joule heating effects, o2, is the variance due to the size of the detection

region, o, is the variance due to electromigration dispersion, and o7, is the

16-19

variance due to nonuniform velocity flow profile ™ ~. In order to precisely

determine aj,ff, it would be necessary to either eliminate or precisely determine

all of the other contributions to the variance. However, many of the above forms

of variance are either nonreproducable or are intractable to calculation'” 2% 2",
Determination of aj,.ff, therefore, requires specialized applications of CZE

that attempt to create situations in which the myriad forms of variance can be
accounted for. By far the most popular of these specialized techniques is

stopped migration CZE?*30

. In stopped migration CZE, a sample is
electrophoresed halfway through the capillary at which point the electric field is
turned off, and then, after a certain dwell time, the field is reapplied and the
sample proceeds and is detected as normal. When the electric field is off, the
sample zone spreads due to the diffusion of the molecule, and so the resulting
electropherogram has greater peak variance. If these stopped migration peaks
are compared to peaks made from continuous runs, the other forms of variance
should cancel out, and the difference in the variance of the peaks is solely due to
diffusion, making a calculation of the diffusion constant possible.

A potential drawback to stopped migration CZE is that it makes the

assumption that the non-diffusion variances do not vary significantly from run to
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run. It has been shown that variances due to inconsistent flow rates and sample
injection steps often change significantly from run to run?'. In addition, the dwell
time in stopped migration CZE experiments is often unreasonably long,
particularly for larger molecules. Dwell times on the order of 10 hours or more
have been reported for larger molecules? 228 Although stopped migration CZE
has been successful at measuring both electrophoretic mobility and diffusion
constants of biological macromolecules, an ideal technique would measure these
two variables simultaneously, quickly, and independent from the many sources of
variance present in conventional CZE.

An alternative to conventional, separations based CZE for determining the
effective charge is the analysis of individual analyte molecules as they migrate
continuously through an electrophoresis channel. We refer to techniques based
on this concept as continuous-flow capillary electrophoresis (CFCE). CFCE-
based techniques are advantageous because they eliminate the need for
chemical separation. By continuously monitoring individual molecules, CFCE
techniques are able to quickly generate data that is independent of many of the
sources of error, such as sample injection, present in traditional CZE. In
addition, the measurements of CFCE are based on phenomena happening on
microsecond to millisecond timescales. This is an ideal time regime for
molecular diffusion analysis, and has also been shown to be effective for looking
at molecular interactions not amenable to study by conventional CZE. Detection

31-33

methods for CFCE include dynamic light scattering (DLS)” ™", sequential single-
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molecule fluorescence detection®, single-molecule fluorescence imaging®>?’,

and various incarnations of fluorescence correlation spectroscopy (FCS)3°.
While all of the above CFCE techniques effectively monitor both diffusion
and electrophoretic mobility of analyte molecules, they all have unique
advantages and disadvantages. DLS-based CFCE has the advantage of label-
free detection, but lacks the sensitivity and selectivity of fluorescence-based
CFCE. In addition, DLS can only observe larger macromolecules, while
fluorescence CFCE can also monitor smaller species. The single-molecule

3537 suffers

fluorescence imaging technique developed by Yeung and co-workers
from the same type of problem in that it requires multiple chromaphores per
molecule to obtain sufficient signal, though it does have the advantage of high
concentration sensitivity and high-throughput capability. Sequential single-
molecule fluorescence detection was used in the first demonstration of CFCE,
the single molecule electrophoresis (SME) experiment of Castro and Shera®. It
monitored individual molecules flowing sequentially between two offset laser
focal regions. It also had the advantage of high concentration sensitivity, but
suffered from complex instrumentation and the need for multiple chromaphores
per molecule.

FCS has proved to be the most popular detection method for CFCE. It
offers a greater temporal resolution than any of the previously mentioned CFCE
techniques, being able to monitor processes occurring on microsecond to

millisecond timescales. In addition FCS-based CFCE utilizes a relatively simple

confocal microscope setup, though its concentration sensitivity is not as high as
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SME or single-molecule imaging (nanomolar vs femtomolar). FCS-CFCE was
first demonstrated by Keller and Van Orden® in an experiment which
demonstrated its ability to analyze multicomponent mixtures. LeCaptain and Van
Orden*® then used FCS-CFCE to monitor binding interactions between
biomolecules, effectively taking advantage of the temporal resolution to obtain
information not attainable with conventional CZE. Both of the above examples of
FCS-CFCE demonstrated the potential of using FCS as a detection technique in
CFCE, but suffered from some disadvantages. The single focus FCS-CFCE
technique used has difficulty resolving information from multicomponent mixtures
due to the fact that only one data signal curve is generated. In addition, single
focus FCS-CFCE is unable to discern the direction of analyte migration, which
makes it difficult to differentiate the electrophoretic mobility from the combined
mobility and EOF contributions to the migration velocity.

In response to the disadvantages of single focus FCS-CFCE, Van Orden
and LeCaptain introduced the technique of two beam fluorescence cross
correlation spectroscopy CFCE (2bFCCS-CFCE)*'. The 2bFCCS-CFCE
technique is conceptually similar to the SME of Shera and Castro® in that
molecular transit times between two spatially offset detection volumes are
measured to determine the molecular flow velocities. However, 2bFCCS uses
smaller detection volumes (femtoliters vs picoliters) that can be positioned much
closer together (micrometers vs hundreds of micrometers), thereby enabling
smaller transit times of ~100 us to ~10 ms to be measured. 2bFCCS was

developed by Brinkmeier and Rigler*’ for flow analysis, but was first coupled with
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CFCE by Van Orden and LeCaptain*! as stated above. The advantage of
2bFCCS-CFCE, relative to single focus FCS-CFCE, is that it resolves the
different components of a mixture into separate electropherogram peaks
corresponding to the molecular transit times of each species. In addition,
Fogarty and Van Orden* demonstrated that it could determine the direction of
analyte migration as well, which allows the simultaneous monitoring of both
positive and negative ions migrating in opposite directions. Radler and Bayer*
have previously demonstrated the use of 2bFCCS-CFCE to simultaneously
measure the electrophoretic mobility and diffusion constant of double-stranded
DNA. This information could be used to calculate the effective charge of the
DNA, but such a calculation was not reported. In addition, the experiments of
Radler and Bayer were performed in the absence of the small counterions which
play an important role in the structure and function of DNA.

This chapter demonstrates the use of 2bFCCS-CFCE to elucidate the role
magnesium counterions play in the electrophoretic behavior of single-stranded
DNA (ssDNA). To our knowledge, this is the first demonstration of the
measurement of effective charge of ssDNA in relation to Mg®* concentration. We
demonstrate the use of 2bFCCS-CFCE to monitor diffusion, migration velocity,
and migration direction of a 40 base polythymine labeled with a rhodamine 6G
derivative at multiple concentrations of Mg?* and at multiple field strengths. By
accounting for electroosmotic flow and temperature, we are able to determine the

effective charge of the ssDNA in varied conditions. This “snapshot” into the
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magnesium-DNA interaction reveals the potential 2bFCCS-CFCE has in the

fundamental study of biological macromolecules and their ionic atmospheres.

5.2 Experimental Section:

5.2.1 Sample Preparation:

40-oligo poly(dT) single-stranded DNA (polythymine) labeled at the 5" end
with Rhodamine 6G (R6G-ssDNA, Operon Biotechnologies, Huntsville, AL) was
prepared in tris-glycine buffer at pH 8.3 (3mM Tris-HCI, 3mM Glycine, Sigma, St.
Louis, MO). Magnesium chloride (Fisher Scientific, Houston, TX) was then
added in concentrations that ranged from 0-3mM. The buffer solution also
contained 0.125-wt% poly(vinylpyrrolidone) (PVP, My = 10° g/mol, Sigma), which
served as a dynamic coating to suppress EOF and prevent adsorption to the
capillary walls.“* Once made, samples were boiled to denature any possible

deoxyribonuclease contamination.

5.2.2 Capillary Coating:

A procedure adopted from Belder et al.*?

was used to apply a coating of
poly(vinyl alcohol) (PVA, My = 4x10* g/mol, Sigma) to the interior wall of a 50-um
inner diameter, 375-um outer diameter rectangular glass capillary (Polymicro,

Phoenix, AZ), coated on the outer surface with polyimide. A clean, 25-cm long
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capillary was filled with an acidified aqueous glutaraldehyde solution, prepared
from 200 pL of 50 wt% aqueous glutaraldehyde (Fisher, Houston, TX) in 800 uL
of 1 M hydrochloric acid (Mallinckrodt, Hazelwood, MO). A plug of 2.5 wt% PVA
in 0.6 M hydrochloric acid was injected into the glutaraldehyde-filled capillary
using 0.5 MPa of N; for 10s. The capillary was then emptied and dried with

continuous nitrogen flow for ~ 4 hours, after which it was ready for use.

5.2.3 Instrumentation:

Our 2bFCCS-CFCE apparatus (Figure 5.1) has been described
previously.*""*? Briefly, a 514.5-nm laser beam from an air-cooled, continuous
wave Ar’ laser (Midwest Laser Products, Frankfort, [L) was split and then
recombined into two nearly parallel beams by two 50/50 beamsplitters (Newport,
Irvine, CA). The two beams were adjusted in power to 43 yW using the
appropriate absorptive neutral density filters (Newport), reflected by a 530-nm
long pass dichroic beamsplitter (CVI, Albuquerque, NM), and focused by a 100x,
1.25-numerical aperture oil immersion microscope objective (Edmund Industrial
Optics, Barrington, NJ) through a small window created in a 25-cm length of the
PVA coated capillary. The window was created by dissolving a small section of
the outer polyimide coating in concentrated sulfuric acid heated to a temperature
of 75°C. Various potentials were applied to the capillary by means of platinum
electrodes connected to a high voltage power supply (Speliman, model

CZE1000R, Plainview, NY). Fluorescence from each focal region was collected
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Figure 5.1: Schematic representation of the two-beam fluorescence cross-
correlation/continuous flow capillary electrophoresis experiment. The optical
setup was designed to position two diffraction limited laser foci in the center of a
square capillary, separated by a distance of ~5 um. The capillary is filled with
sample solution using applied gas pressure, which is then turned off and voltage
is applied for the electrophoresis experiment. Fluorescence signal from each
focus is collected and used for the analysis of auto and cross-correlation. This
figure is identical to figure 2.5 in chapter 2, but has been included here for

convenience.

157



by the same objective, split by a 50/50 cubic beamsplitter (Thorlabs, Newton,
NJ), spatially filtered by 50 um pinholes (Thorlabs, Newton, NJ), and filtered by
535-nm long pass interference filters (Omega Optical, Brattleboro, VT), which
transmitted the fluorescence to two single photon counting avalanche photodiode
detectors (PerkinElmer Optoelectronics, model SPCM-AQR-14, Wellesley, MA).
The photocounts from the two detectors were cross-correlated using an ALV-
6010/160 digital correlator card (ALV, Langen, Germany) mounted in a Pentium
computer. Temperature was monitored using a Digi-Sense Benchtop Thermistor
Temperature Controller (model EW-89000-10, Cole Parmer).

The two laser beams formed nearly identical diffraction-limited focal
regions, positioned near the center of the inner capillary space (~25 ym from the
inner surfaces), separated along the axial dimension of the capillary by a
distance, R. From autocorrelation analysis of a standard 5-carboxy-
tetramethylrhodamine (TAMRA) solution, the e focal radius in the radial
dimension, w,, of the focal volume was determined to vary from 0.2198 + 0.0033
pm to 0.2567 + 0.0037 pm. The ratio of the radial and axial ¢ radii (x, =,/z,,
where z, is the axial radius) was also determined, and found to be 0.104 + 0.002
pum. The separation distance, R, between the two foci was determined by cross-
correlation analysis to vary from 2.379 £+ 0.045 ym to 2.581 £ 0.050 ym. The
position of the laser beam foci relative to the inner surface of the capillary was
reproducibly controlled using a submicrometer resolution differential micrometer
(Newport) mounted on the z-axis of the sample stage. Additionally, a precision

rotation stage (Newport) was mounted on the sample stage to allow adjustment
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of the flow axis relative to the axis defined by the position of the two laser beams.
The optimum position of the two laser beam foci relative to the z-position of the

capillary and the flow axis could be confirmed by cross-correlation analysis.

5.2.4 Electroosmotic Flow Measurements:

The EOF was determined prior to 2bFCCS-CFCE experiments using a

procedure adopted from Zare et al.*®

A buffer was made containing lower
concentrations of tris-glycine and magnesium chioride. The capillary was then
filled with this lower ionic strength buffer, while the higher ionic strength sample
buffer was placed at the anode end of the capillary. A 15-kV potential was
applied across the capillary, and the voltage drop across a 100 kQ resistor
placed in between ground and the capillary was monitored using a Labview
program written in-house. As the higher ionic strength sample buffer flows into
the capillary due to electroosmotic flow, more current flows through the resistor,
resulting in a continual increase in the voltage. When the higher ionic strength
buffer has completely filled the capillary, the current ceases to change, and the
measured voltage reaches a steady value. By recording the length of time the
voltage was changing, from the first application of the potential to the arrival at a
steady state, the velocity of the electroosmotic flow can be determined. While
both the dynamic and permanent coatings should have suppressed EOF, it was

found by this procedure to be nonzero, and therefore had to be determined for

calculation of electrophoretic mobility.
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The primary safety hazards of this experiment are electric shock due
exposure to the high voltage electrodes and eye injury from exposure to laser
light. The entire experiment was placed inside an enclosure to block stray laser
light. Access to the enclosure was interlocked to the high-voltage power supply to
prevent exposurevto the high voltage electrodes during the operation of the

experiment.

5.3 Theory:

The theory used to analyze the cross-correlation functions obtained from
the magnesium/polythymine experimental study has been developed
elsewhere® #251.52  Briefly, the equation used to fit experimentally determined

cross-correlation functions is:

1 1 v —r*(l-7/7. )
GC(T)—lza(l+r/rd ](1+K02 z’/rdj exp{ l+7/7, } (5.7)

where 7 is the lag time, 7, is the average transit time of molecules through one

of the focal volumes due to translational diffusion only, # is the ratio R/, , 7, is

the average transit time for the molecules to flow between the two focal volumes,

given by R/V_, where V_ is the linear flow velocity of the molecules, a is the

amplitude, given by (y/N)(1-T), where y is a geometric factor that corrects for
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the deviation in the shape of the excitation volume from an ideal Gaussian
function, N is the average number of molecules occupying a focal region, and T

is the quantum yield. The parameter «, was held fixed to the value determined

from control experiments in all data analysis procedures. Adjustment of this
parameter was found to make a negligible contribution to the values of the other
fitted parameters in both the auto- and cross-correlation analyses. Cross-
correlation data from an experiment can manifest in two independent channels;
one corresponding to “forward” flow, and the other corresponding to “reverse”
flow. Due to the fact that fluorescently labeled polythymine was the only species
contributing to cross-correlation functions in these experiments, relevant cross-
correlation data was only observed in one channel, the “forward” channel.

The 7, parameter can be used to determine the diffusion coefficient, D, of
the polythymine using D = w? /(4z,). In order to determine the effective charge
of the polythymine at various magnesium concentrations, it is also necessary to
determine u,,,, the electrophoretic mobility of the polythymine. This can be
obtained by calculation of equations 5.3 and 5.5 from the knowledge of the
electric field applied to the capillary, the velocity of the electroosmotic flow
determined from control experiments, and the linear flow velocity of the
polythymine, ¥ . The parameter ¥, can be determined from the relation
V., =(rw,)/r, , using the w, found from control experiments and the » and z,

determined from fitting of the cross-correlation data.
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5.4 Determination of EOF:

In order to measure the electrophoretic migration of the polythymine
molecules independently from EOF contributions, it was necessary to measure
the magnitude of the EOF occurring in the capillary from day to day. Figure 5.2
shows representative data used to determine the magnitude of the EOF before
cross-correlation analysis was performed. At time zero, a 15 kV voltage was
applied across a capillary filled with lower ionic strength buffer, with a reservoir
of higher ionic strength buffer at the anode end of the capillary. As the higher
ionic strength buffer migrates into the capillary the current flowing through the
capillary increases (after a brief equilibration time), and the voltage change, in
arbitrary units, measured across a resistor increases as seen in figure 5.2
(keeping in mind the negative scale of the voltage drop). For the experiment
represented in figure 5.2 the low ionic strength buffer contained 2 mM Tris-HCI, 2
mM glycine, pH 8.3 with 1 mM magnesium chloride, while the high ionic strength
buffer contained 3 mM Tris-HCI, 3 mM glycine, pH 8.3 with 1.5 mM magnesium
chloride. The measured voltage for this experiment reaches a steady state at
4118 £ 12 s, corresponding to the moment when the higher ionic strength buffer
has completely displaced the lower ionic strength buffer in the capillary. This
endpoint time was then used, along with the length of the capillary to calculate

V.. » Which in the case of figure 5.2 was determined to be 5.66 + 0.12 X 107

cm/s. The determination of the EOF endpoint, though performed as analytically
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Figure 5.2: Representative electroosmotic flow (EOF) data obtained by the
measurement of the voltage drop across a resistor placed in between the
capillary and ground, which corresponded to the anode end of the experiment.
As a higher ionic strength buffer migrates from the anode to the cathode, it
displaces lower ionic strength buffer in the capillary, which results in an increase
of current flowing through the capillary (and resistor). In this figure, the higher
ionic strength buffer completely displaced the lower ionic strength buffer at

~4100s, which is indicated by the voltage reaching a steady state.
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as possible, was ultimately an intuitive endeavor. To obtain statistical error
information, control experiments of multiple runs under the same conditions were
performed, and the standard deviation of those experiments was assumed to be
a constant percentage of other EOF measurements. It should be noted that the
magnitude of the EOF was much lower than the migration velocity of the
polythymine, and so the impact of EOF on measurements of electrophoretic

mobility of polythymine was on the scale of the experimental error.

5.5 Initial Experiments:

During the initial phase of the research into magnesium-DNA interactions,
the solutions containing the DNA and magnesium were not boiled as stated in
the sample preparation section earlier. Great care was taken in the preparation
of buffer solutions (i.e. all buffer containing glassware was piranha cleaned, and
all solutions were filtered using 0.2 um filters). Unfortunately, the precautions
taken proved to be insufficient, for control experiments revealed that the DNA
sample solutions were contaminated with deoxyribonuclease, which “chops up”
the 40-base polythymine molecules into multiple fragments. The control
experiments consisted of auto-correlation experiments conducted to determine
the diffusion constant of the DNA at various concentrations of magnesium.

Calculation of the diffusion constant at 0 kV was done by analysing the 7,

parameter obtained from auto-correlation analysis fit to the equation:
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GA(T)—1=a( 1 J( ! Jm(1+Teqe'T/T’) (5.8)

1+7/t, N1+«xl1/7,
where a, 7,, and x, are the same parameters appearing in equation 5.7

described earlier. The last term in equation 5.8 takes into account the kinetics of
the nonfluorescent triplet state, whose characteristic timescale effects the

analysis of auto-correlation data, but not cross-correlation data. 7, is defined as

T, = T/(1-T), where T is the quantum yield, and , is a time constant for

population and depopulation of the triplet state.

Figure 5.3 shows the diffusion constants determined for the polythymine at
various concentrations of magnesium. Note that there are two sets of data, one
corresponding to DNA samples that were not boiled prior to correlation analysis,
and the other set referring to DNA samples that were boiled prior to analysis.
Inspection of the graph reveals two trends; boiled samples have smaller diffusion
constants than unboiled samples, and the diffusion constant of the unboiled
samples is much more dependent on relatively small concentrations of
magnesium than the diffusion constant of boiled samples. Boiling of samples
denatures any deoxyribonuclease enzymes present in the samples, preventing
them from “chopping up” polythymine molecules. The unboiled samples
exhibited much higher rates of diffusion, indicating that the enzyme was
“digesting” molecules of polythymine, and so the diffusion constants measured
are not for the 40-base polythymine, but rather the cleaved 1 or 2 bases at the
end of the polythymine that are fluorescently labeled. The boiled samples of

polythymine exhibited much lower rates of diffusion because the
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Figure 5.3: Comparison of the diffusion constants obtained by auto-correlation
analyis of polythymine samples at various concentrations of magnesium.
Unboiled samples show markedly faster rates of diffusion than boiled samples.

This is indicative of deoxyribonuclease contamination.
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deoxyribonuclease was denatured, and so the diffusion constants measured
were for the whole, 40-base polythymine molecules. The extreme magnesium
dependence of the unboiled samples’ diffusion constants is easily explained in
that magnesium serves as a cofactor for deoxyribonuclease®°.

The unfortunate action of the deoxyribonuclease enzymes on polythymine
molecules was deduced from the fact that at high concentrations of magnesium,
polythymine molecules were exhibiting diffusion rates similar to the diffusion
rates of individual fluorophores such as free TAMRA. A 40-base nucleotide will
never adopt a compact enough structure to diffuse at the same rate as a small
organic dye! The control experiments confirmed my fears, and so it became
necessary to account for the deoxyribonuclease contamination during sample
preparation. Samples were not only boiled, but all lab equipment that touched

sample solutions was autoclaved at 250°C to destroy deoxyribonuclease. Buffer

solutions were also autoclaved prior to the fabrication of samples.

5.6 Analysis of Cross-Correlation Functions:

Figure 5.4 shows representative cross-correlation functions taken under
three different conditions: polythymine with 0 mM Mg at 15 kV/24.2 cm (red),
polythymine with 1.5 mM Mg at 15 kV/23.3 cm (green), and polythymine with 3
mM Mg at 15 kV/23.3 cm (blue). In figure 5.4, the experimentally determined

data is represented by diamonds, and their theoretical fits determined from
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Figure 5.4: Representative “forward” channel cross-correlation experimental
data (diamonds) and corresponding fitting curves (solid lines) from polythymine
samples at three conditions; 0 mM Mg, 15 kV (red), 1.5 mM Mg, 15 kV (green),
and 3 mM Mg, 15 kV (blue). “Blank” cross-correlation from the “reverse” channel

can be seen as solid black baselines. The inset is a graph of the 7, parameter

versus magnesium obtained from fitting of cross-correlation data to equation 5.7.

The data was taken at 3 different voltages; 10 kV (blue), 12.5 kV (green), and 15
kV (red).

168



Table 5.1: Parameters Determined from Cross-Correlation Analysis of

Representative Data®”
polythymine
0mM Mg, 15kv 0 m"}vag’ S 3mMMg, 15KV

z,. (Ms) 1.3257(82) 3.396(40) 3.935(58)

r 11.94(36) 11.75(36) 10.96(31)

a 0.420(27) 0.634(47) 0.647(47)

z, (ms) 0.245(22) 0.215(18) 0.180(15)
standard error® 8.81 X 10° 495X 10° 418 X 107

2 parameters correspond to the fitting analysis in Figure 3. ? Values in
parentheses are the 95% confidence intervals for the last digits. ¢ Standard
errors from each curve fitting are estimated using residual sum-of-squares
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equation 5.7 are the solid lines. As stated above, all experimentally determined
cross-correlation functions appeared in the “forward” channel, indicating that
polythymine migrated towards the anode. The “blank” cross-correlation data in
the “reverse” channel can be seen as black baselines. The parameters
determined from the fits of the three cross-correlation functions depicted in figure
5.4 according to equation 5.7 can be seen in table 5.1. The inset of figure 5.4
depicts the trends in the 7, parameter determined from the fitting over a range of
magnesium concentrations and voltages.

As stated above, 7, is inversely proportional to the electrophoretic

migration velocity of the polythymine. As can be seen in both figure 5.4 and the
inset, the rate of polythymine migration decreases with higher magnesium
concentration and lower applied electric fields. This is exactly what's expected:;
-at higher concentrations of magnesium, more counterions are expected to
associate with polythymine, lowering the effective negative charge and the rate of
migration towards the anode. In addition, as can be inferred from equation 5.4,
the electrophoretic migration velocity of the polythymine is directly proportional to
the electric field strength. Another aspect of figure 5.4 that stands out is that at

higher values of 7., the cross-correlation functions become “shorter and wider.”

This is to due to the fact that as the migration time from one laser focus to
another grows the polythymine molecules have more time to diffuse away from
the direct path in between foci, resulting in fewer molecules being detected in
both foci (lowering the height of the peak), and more variability in the transit time

due to an increased number of indirect paths taken by the molecules (resulting in
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a wider peak). It should be noted that the height of the peak actually depends on

two aspects of equation 5.7; the amplitude, a, and the first diffusion term,
(1+7/z,)". Thus, while the amplitude values presented in table 5.1 appear to be

counterintuitively following the opposite trend expected, differences can be
explained as a combination of day to day variation in the focal geometry,

concentration, and the importance of the diffusion term.

5.7 Analysis of Diffusion:

Figure 5.5 depicts diffusion constants calculated from parameters
determined by cross-correlation and auto-correlation analysis of polythymine
samples at a range of magnesium concentrations and electric field strengths.
The main graph depicts the diffusion constants versus magnesium on a
logarithmic scale, while the inset shows the same graph on a linear scale.
Polythymine's diffusion behavior was determined at every concentration of
magnesium using four different applied voltages: 0 kV (black), 10 kV (blue), 12.5
kV (green), and 15 kV (red). Calculation of the diffusion constant at 0 kV was
done by analysing the 7, parameter obtained from auto-correlation analysis
(Figure 5.6) fit to equation 5.8. Representative experimental auto-correlation
data taken at 0 mM Mg and O kV can be seen in figure 5.6 (black diamonds) with
the theoretical fit calculated from equation 5.8 (red solid line). Calculation of the

diffusion constant at non-zero electric fields was done by the analysis of the 7,
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Figure 5.5: Diffusion data versus magnesium concentration at different applied
voltages; O kV (black), 10 kV (blue), 12.5 kV (green), and 15 kV(red). All
diffusion constants were calculated from parameters determined from fitting of
auto and cross-correlation data. The main graph depicts the diffusion constant
versus magnesium concentration on a logarithmic scale, while the inset depicts

the same information on a linear scale.
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Figure 5.6: Experimental autocorrelation data (black diamonds) and

corresponding fitting curve (red solid line) taken from a sample of polythymine at

0 mM Mg and 0 kV. Data was fit to equation 5.8.
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Table 5.2: Diffusion Constants and Relevant Parameters?

polythymine
omMMg, 1skv PN TS 3 mvmg, 15 kv

, (Um)° 0.2197(33) 0.2197(33) 0.2384(48)

D (107 cm?s)° 4.94(31) 5.66(43) 7.92(55)
Voor (107 mis)? 6.68(14) 5.66(12) 6.31(14)
E (10° Vim)® 6.20(57) 6.44(63) 6.44(63)
#;;;AN(;‘){B 3.04(29) 1.10(11) 0.935(95)
94 (€-)F 15.5(17) 4.90(62) 2.99(37)

®alues in parentheses are the 95% confidence intervals for the last digits.
°Obtained from auto-correlation analysis of standard TAMRA solutions.

Calculated according to the equation, D =w?/(4z,). °Obtained from EOF

control experiments. ‘Obtained from applied voltage divided by length of
capillary. %Calculated using equation 5.9. "Calculated using equation 3.
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parameters obtained from cross-correlation fitting according to equation 5.7.

Recall that the diffusion constant is related to z, by the expression, D = w? /(47,).
The value for the focal radius, @,, used in the calculation was obtained from

analysis of a standard TAMRA solution. Table 5.2 shows representative values

for w,,and D.

Upon quick inspection of figure 5.5, one notices two trends; higher
magnesium concentrations yield higher rates of diffusion for polythymine, and an
apparent voltage dependence of the diffusion constant, which is more
pronounced at higher concentrations of magnesium. Magnesium appears to
have relatively little effect on the diffusion of polythymine at lower concentrations
(<1 mM Mg), but at higher concentrations, the rate of diffusion of polythymine
rapidly increases. Previous studies have shown that as small counterion
concentration increases, negative charges on the backbone of the single-
stranded DNA are neutralized, lowering its self repulsion, which allows it to adopt
more compact structures with higher diffusion constants® -,

The other trend that is visible in figure 5.5 is the dependence of the
diffusion constant on electric field strength, which becomes more pronounced at
higher concentrations of magnesium. This trend seems to contradict several
studies which have indicated that DNA diffusion is independent of electric field
strength®> 2 * One possibility is that the electric fields used in this experiment
caused significant joule heating, which would raise the magnitude of the diffusion
constants. While this is a possibility, control experiments were performed (data

not shown) which monitored the molecular brightness of the R6G dye attached to
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the polythymine at the range of field strengths used in the experiment. Studies
have shown that the molecular brightness of fluorescent dyes decrease with
increasing temperature, and can be used to monitor the temperature inside of

capillaries during electrophoresis®® ©*

. These control experiments indicated no
significant decreases or trends in the molecular brightness of the dye label at
different field strengths.

Additional temperature-based control experiments performed on a steady-
state fluorometer confirmed that the R6G label’'s brightness is sensitive to
temperature, further corroborating the evidence that joule heating did not have a
significant impact on the calculation of the diffusion constants. Finally, the
diffusion data presented in figure 5.5 shows the most pronounced increase in
diffusion constant for the lowest electric field strength used in the experiments,
while the highest field strengths yielded diffusion data closest to the values
obtained at zero electric field strength. If the differences in diffusion were due to
increases in temperature, one would expect to see the highest electric field
strengths yield the highest rates of diffusion.

This is not to say the joule heating was not a possible cause for the
electric field dependence of the diffusion constant. While R6G’s brightness has
been shown to be dependent on temperature, it is possible that the temperature
of the samples did not vary enough to significantly impact the R6G brightness. In

addition, the diffusion constant is related to the temperature according to the

equation, D =k,T/6znR,, , where kg is the Boltzmann constant, T'is the

temperature, 7 is the solvent viscosity, and Ry is the hydrodynamic radius. In this
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equation, both the solvent viscosity and hydrodynamic radius (or equivalent
volume the polythymine occupies in solution) are also affected by the
temperature. This means that the effect of temperature on diffusion at different
field strengths is much more complicated than a simple directly proportional
relationship. More work will have to be done to determine the possible impact of
joule heating on the diffusion information found for polythymine. For the
purposes of data analysis throughout the rest of the chapter, it will be assumed
that the joule heating was negligible.

Our experimentally determined diffusion constants for 40-base
polythymine were found to range from 4.63 + 0.14 X 107 cm?/s to 8.68 + 0.68 X
107 cm?/s, which agreed well with previous studies of similar sized single-

stranded DNA® 23.28.62

5.8 Analysis of Effective Charge:

Figure 5.7 shows the relationship between the effective charge of the
polythymine and the concentration of magnesium counterions present in the
sample buffer. The main graph shows the impact of magnesium on effective
charge on a logarithmic scale, while the inset is the same graph on a linear scale.
All of the information used to calculate effective charge was determined from
cross-correlation analysis and control experiments. As stated previously, the two

key parameters needed to calculate the effective charge of polythymine are the
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Figure 5.7: Effective charge in units of elementary charge versus magnesium
concentration. Effective charge information was calculated from parameters
obtained from fitting cross-correlation data and from control experiments at three
different voltages; 10 kV (blue), 12.5 kV (green), and 15 kV (red). The main
graph depicts effective charge versus magnesium on a logarithmic scale, and the

inset depicts the same information on a linear scale.
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diffusion constant and the electrophoretic mobility. The electrophoretic mobility

of the polythymine was determined using the equation:

T.0,/F)=V,
ﬂDNA =( F 0/; EQF (59)

The parameters 7. and r were determined from fitting the cross-correlation data
to equation 5.7, w, and V., were determined from control experiments

described previously, and E was determined from the potential applied across

the capillary and the length of the capillary. It should be noted that V, =7,w, /r,

and that polythymine migrated against EOF. Once the electrophoretic mobility of
the polythymine is known, the effective charge can be calculated using equation
5.3. Representative data used to obtain the effective charge information in figure
5.7 can be seen in table 5.2. Upon first glance, figure 5.7 appears to be an
almost mirror image of figure 5.5, with the effective charge becoming smaller as
the diffusion constant grows larger. Closer inspection reveals a subtle difference;
while the diffusion constant starts to significantly change at magnesium
concentrations over 1 mM, it appears that the effective charge starts significantly
dropping before that, at about 0.5 mM Mg. This would seem to indicate that, as
theorized, magnesium counterions associate with and neutralize polythymine's
negatively charged backbone, which allows it to overcome self-repulsion and
adopt more compact configurations. Another interesting observation is that the
effective charge seems intuitively to be quite low for a polythymine with 40
negative charges along its backbone. Even at zero magnesium concentration,

the background electrolytes of 3 mM Tris and glycine present in the sample
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buffer effectively neutralize about half of the charge on the polythymine
backbone. ldeally, experiments could have been performed without the
background electrolytes. Unfortunately, it was found that the fluorescent signal
was too unstable at extremely low ionic strengths, which was assumed to be due
to increased wall interactions of polythymine under such conditions.
Electrophoretic mobilities calculated using equation 5.9 varied from 0.935 +
0.095 X 10™ cm?/V/s to 3.04 + 0.29 cm?/Vs, which agreed well with results
obtained from previous studies?® “¢ ¢, The agreement between our
experimentally determined diffusion constants and electrophoretic mobilities and

those found elsewhere bodes well for the accuracy of our effective charge data.

5.9 Conclusions:

In summary, it has been demonstrated that 2bFCCS-CFCE can be used
to determine the effective charge of single-stranded DNA in the presence of
magnesium. Knowledge concerning the effective charge of biological
macromolecules yields important insight into the important role that small
counterions play in their structure and function. The advantage that 2bFCCS-
CFCE has over other electrophoresis techniques in this area is its ability to
simultaneously monitor diffusion and electrophoretic migration. It was found that
the diffusion of the single-stranded DNA varied with electric field strength,

possibly due to fluctuations in the DNA's ionic atmosphere. In addition, it was
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found that increasing magnesium concentration increased the rate of DNA
diffusion while also lowering the effective charge. This result indicates that
neutralization of the negative charges on the single-stranded DNA’s backbone
allow it to overcome self-repulsion to adopt more compact conformations.
Future work includes using simultaneous analysis of auto-correlation,
photon counting histogram®, and cross-correlation, and extending the temporal
resolution of the techniques into the nanosecond regime. Accomplishing this
would allow for the simultaneous measurement of temperature and cross-
correlation data, which might explain the diffusion constant’'s dependence on
electric field strength. Another topic of continued interest is more thorough
interrogation of the ionic atmosphere at lower timescales, potentially leading to a
comprehensive study of DNA-counterion kinetics. [nvestigation of dye-quencher
interactions on specifically labeled biological macromolecules can also provide a
potential window into the impabt of ionic atmosphere on the active conformations

of proteins, DNA, and RNA.
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Chapter 6: Conclusion and Future Directions

In this dissertation, work towards the development of two-beam
fluorescence cross-correlation spectroscopy coupled with continuous-flow
capillary electrophoresis (2bFCCS-CFCE) was presented. The technique of
2bFCCS-CFCE has the potential to be a powerful addition to capillary
electrophoresis analytical techniques. The work presented here demonstrated
three applications of 2bFCCS-CFCE that illustrate the advantages this technique
has over conventional electrophoresis techniques. All of the techniques showed
promise for future development and application of 2bFCCS-CFCE in a variety of
fields.

The first demonstration of 2bFCCS-CFCE elucidated the technique’s
ability to monitor ions migrating in opposite directions in continuous
electrophoretic flow. This was a measurement incapable of being made on
conventional capillary electrophoresis (CE) instrumentation. Conventional CE
requires macroscopic separation of analytes in order to perform analysis. The
technique of 2bFCCS-CFCE overcomes the requirement for macroscopic

separation by monitoring the migration of fluorescently labeled analyte species
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between two spatially separated laser focal regions. The cross-correlation data
generated by this technique is conceptually similar to the electrophoretic peaks of
conventional CE data, in that the migration time of analytes between two points is
monitored. The ability of 2bFCCS-CFCE to perform electrophoretic analysis
without the requirement of macroscopic separation eliminates the complex buffer
conditions and sample injection steps required for conventional CE.

Another advantage is that cross-correlation analysis can operate in two
modes simultaneously. Fluorescent molecules migrating from the first to the
second laser beam, or migrating in a forward direction, contribute to cross-
correlation data found in the “forward channel.” The forward channel is only
sensitive species which migrate in the forward direction. Conversely, if the
molecules are migrating in the reverse direction, or from laser beam two to laser
beam one, they contribute to cross-correlation data in the “reverse channel.” The
reverse channel is only sensitive species which migrate in the reverse direction.
The two channels of cross-correlation analysis are capable of monitoring the
migration of analytes in opposite directions, independently of one another.
Conventional CE is not capable of making this measurement, because the
requirement of macroscopic separation necessitates the placement of a detection
region downstream of the sample injection point. Conventional CE, therefore, is
only capable of detecting analytes flowing in one direction.

The ability of 2bFCCS-CFCE to continuously monitor ions migrating in
opposite directions was successfully demonstrated. The analysis was performed

on a three-component mixture containing the cation Rhodamine 6G (R6G) and
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the anions tetramethyl-6-carboxyrhodamine (TAMRA) and TAMRA labeled
poly(dT)sg single stranded DNA (TAMRA-ssDNA) in aqueous buffer solution.
The TAMRA and TAMRA-ssDNA contributed to two cross-correlation peaks in
the forward channel of the cross-correlation analysis. The R6G contributed to
cross-correlation data in the reverse channel of the cross-correlation analysis.
Besides being able to determine the individual migration velocities of the three
components, 2bFCCS-CFCE analysis was able to determine relative
concentrations and diffusion coefficients for the three respective species. The
ability of 2bFCCS-CFCE to discern the diffusion information of the species
illustrates another advantage of the technique relative to conventional CE
analysis. Conventional CE is not able to determine diffusion information due to
sample dispersion effects caused by different experimental features such as
sample injection, analyte-wall interactions, joule heating, and variable
electroosmotic flow (EOF). Thus the technique of 2bFCCS-CFCE was not only
able to perform analysis under conditions not accessible to conventional CE
analysis, it was also able to discern information about the sample molecules
inaccessible to conventional CE.

The work presented in chapter three illustrated the analytical advantages
that 2bFCCS-CFCE has relative to traditional CE techniques, in the next chapter
work was demonstrated that illustrated the possible design advantages 2bFCCS-
CFCE has over conventional microchip capillary electrophoresis (MCCE)
techniques. As was demonstrated in chapter three, 2bFCCS-CFCE is capable of

performing electrophoretic analysis on ions migrating in multiple directions, in
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continuous solution, over the distance of a few microns. These advantages led
to the development of 2bFCCS-CFMCCE, or two-beam cross-correlation
analysis performed on electrophoresis microchips. The development of
electrophoresis on microchips is driven by two concepts; miniaturization, or the
ability to perform analysis on smaller sample sizes, and device integration, or the
ability to incorporate MCCE into more complex devices. While there has been
much promising work on the development of MCCE, the technique ultimately
suffers from the need for macroscopic separation of sample components. The
need for macroscopic separation necessitates the use of multiple different buffers
in order to perform analysis, which adds to the complexity of fluid-handling
requirements on-chip. In addition, the requirement of macroscopic separation
limits the miniaturization capabilities of MCCE in that a minimum separation
distance is required. Because 2bFCCS-CFMCCE can perform analysis in
homogeneous solution, over the distance of a few microns, it has the potential to
be a much more flexible microchip analysis technique than conventional MCCE.
The first 2bFCCS-CFMCCE analysis was performed on
polydimethylsiloxane (PDMS) microchips. This material was chosen due to the
relative ease of fabrication of microchips from this material. 2bFCCS-CFMCCE
was demonstrated on two different PDMS microchip designs. One desigh was
the “T-chip” design format used for the majority of conventional MCCE
applications. This proof-of-concept experiment demonstrated the analysis of the
same three-component mixture used in chapter three. While the migration

velocities and relative concentrations of the three components were measured
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effectively, the diffusion information obtained was anomalously slow. This was
thought to be due to wall interactions between the analyte molecules and the
PDMS substrate.

The second microchip format studied illustrated the design advantages
available to 2bFCCS-CFMCCE in comparison with conventional MCCE. The
single channel, 1 cm separation channel format was both simpler and smaller
than the prototypical MCCE microchip. The analysis of a two-component
TAMRA/RGBG mixture was demonstrated on this second chip. A different coating
(polybrene) was used in this second microchip to try to alleviate the problems
with wall-interactions experienced in the first chip. These experiments
successfully demonstrated the measurement of relative concentration, migration
velocity, and diffusion on a microchip format unamenable to conventional MCCE
analysis. Unfortunately it was found in future experiments on PDMS microchips
that it was difficult to obtain reproducible results with low background noise. This
was thought to be due to the material used to make the microchip, PDMS, which
does not illustrate surface properties as uniform as glass. For this reason, future
2bFCCS-CFMCCE experiments were performed on glass microchips.

The glass microchips used consisted of two formats. One format was a
44 microchannel chip with 1 mm length channels, while the other was of the
same dimensions as the single-channel PDMS chip. The 44 microchannel chip
was fabricated in a 1X1 in® area, which demonstrated even further the design
benefits afforded by 2bFCCS-CFMCCE. Unfortunately, the design features of

the chip that took advantage of flexibility of 2bFCCS-CFMCCE also added a
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degree of difficulty to the fluid handling necessary for use of the chip. While brief
glimpses of cross-correlation data were seen on this chip, ultimately artifacts
related to the fiuid handling, such as bubbles and sample evaporation, limited our
ability to use this chip. In addition, the fabrication of the 44 microchannel chip
was particularly laborious, and so it was deemed wise to switch to simpler glass
microchip formats to both ease fluid handling requirements and speed fabrication
of chips. Experiments performed on the single-channel glass microchips were
much more promising than those performed on the 44-channel chips. Cross-
correlation data was obtained that exhibited expected trends. Unfortunately,
theoretical analysis of the cross-correlations peaks obtained on the glass
microchip proved to yield nonsensical values for various parameters. This was
thought to be due to an artifact of the glass microchip fabrication process. The
coverslips through which the two-laser beams were focused had been subjected
to thermal bonding at high temperature. The thermal bonding process often
produced distortions in the coverslip surfaces that negatively impacted the
geometry of the laser foci, rendering inapplicable the theoretical models used for
data-fitting.

The results of the 2bFCCS-CFMCCE experiments were ultimately a mixed
bag. Results were obtained that illustrated the promise of the technique for
expanding the design and analysis capabilities of MCCE, but it proved difficult to
produce such results reproducibly. In addition, more elegant approaches to
fabrication of and fluid handling in microchips would have made further

development of 2bFCCS-CFMCCE much more practical. It was ultimately
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decided to switch focus back to 2bFCCS-CFCE on fused silica capillaries due to
ease-of-use. In the ensuing experiments, the ability of 20FCCS-CFCE to
measure the effective charge of 40-oligo poly(dT) single-stranded DNA
(polythymine) labeled at the 5’ end with Rhodamine 6G (R6G-ssDNA) was
demonstrated.

in CE-based techniques, the electrophoretic mobility of species is related
to their size and charge. 2bFCCS-CFCE, unlike conventional CE, is capable of
simultaneously measuring both a species’ electrophoretic mobility and its size.
This allows for the possibility of measuring the charge of an analyte molecule in
solution. The charge measured in such a manner is not the chemical charge of
the molecule (40" for the R6G-ssDNA), but rather an “effective” charge that is
dependent on the number of oppositely-charged ions, or counterions, closely
associated with the analyte species in solution. Determination of effective
charge, therefore, can elucidate the quantity of counterions associated with the
analyte molecule in solution. Monitoring both the size and effective charge can
also illuminate the effects counterions have on the conformation of
polyelectrolytes such as DNA. 2bFCCS-CFCE's unique capabilities make it the |
only CE technique of performing such a measurement.

The model system chosen for study was the magnesium-ssDNA
interaction. This system was chosen because magnesium has been shown to
have an important role in the conformation and behavior of DNA in biological
systems. Our goal was to measure the diffusion and migration velocity of DNA at

various concentrations of magnesium and at a variety of electric field strengths.
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From this information and the temperature the electrophoretic mobiiity and
effective charge information could be calculated. An experimental determination
of the effective charge of DNA in relation to magnesium concentration has never
been previously demonstrated, and it was hoped our technique could shed some
valuable light on the magnesium-DNA interaction. It was also hoped that the
concentration and electric field dependence of the interaction might shed some
light on the strength of magnesium-DNA interactions.

Chapter five reports the results of the magnesium-DNA study by 2bFCCS-
CFCE analysis. The measured change in DNA diffusion and effective charge
with magnesium concentration showed some interesting trends. The effective
charge of the R6G-ssDNA appeared to be more susceptible to low
concentrations of magnesium than the diffusion constant. This led to a
hypothesis that a certain “charge threshold” exists at which the R6G-ssDNA is
able to begin adopting more compact conformations. In other words, a minimum
number of magnesium counterions must associate closely with the ssDNA before
it can fold into compact structures. Below this threshold, the negative charges on
the DNA backbone are too self-repulsive to allow the DNA to fold, and the DNA is
much more likely to be in a long drawn-out conformation with minimal
contortions. As stated before, this was the first time that such a measurement
has been demonstrated, and it was a measurement uniquely suited to 2bFCCS-
CFCE.

Although the results were very promising, there remains one experimental

hurdle to leap before the results are ready for publication in scientific journals.
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Measurements of the diffusion of R6G-ssDNA in an electric field showed a
voltage dependence. This was thought to be due to joule heating of the sample
solution during electrophoresis. Control experiments that attempted to determine
the higher temperature caused by joule heating were inconclusive. In order to
calculate the effective charge accurately, the temperature of the solutions must
be found.

The work presented in this dissertation shows the immense potential of
2bFCCS-CFCE as electrophoresis analysis technique. Much progress was
made in the development of new applications of 2bFCCS-CFCE, but ultimately
the technique is still in its infancy. There are multiple possible future directions
for 2bFCCS-CFCE in the work presented in this dissertation as well as in areas
outside the scope of this dissertation.

The development of 2bFCCS-CFMCCE, or 2bFCCS-CFCE on microchips,
showed much promise, but ultimately was abandoned due to logistical difficulties
in the implementation. The relative inexperience of our group in the field of
microchip fabrication meant that finding the optimal conditions for microchip
fabrication and use was a laborious and time-consuming process. |n addition,
methodologies for fluid handling and application of polymer treatments to
microchips were primitive at best. Our emphasis was on performing the
measurements rather than on designing the microchip platforms. If, on the other
hand, the focus was shifted towards microchip platform design, fabrication and
fluid handling, perhaps conditions could be found where the full analytical power

of 2bFCCS-CFMCCE could be realized. In addition, only microchips constructed
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of glass and PDMS were used. Perhaps other materials, such as poly(methyl
methacrylate) (PMMA), would be better suited for 2bFCCS-CFMCCE.

Another route for the improvement of the 2bFCCS-CFCE technique is to
expand the data analysis options of the technique by simultaneous measurement
of auto-correlation, cross-correlation, photon counting histogram (PCH) and fast-
timescale correlation. While the only measurements presented in this
dissertation are the two-beam cross-correlation or single-beam auto-correlation
analyses performed individually, it is possible to perform simultaneous single-
beam auto-correlation analysis on each of the two beams while cross-correlation
analysis is also performed. In addition, it is also possible to simultaneously
perform photon counting histogram analysis on the fluorescent time traces of the
two individual beams. Auto-correlation analysis can also be used to investigate
processes occurring on much shorter timescales than available to cross-
correlation analysis, processes occuring on timescales as low as nanoseconds".
Development of methodologies which use all of these methods in concert
increase the analytical power of the 2bFCCS-CFCE technique. Not only would
we be able to simuitaneously measure migration velocity and diffusion using
2bFCCS, but PCH analysis gives much more accurate information on molecular
brightness and fluorophore concentration, and the fast-timescale auto-correlation
analysis could supply interesting information on the rotational diffusion and
fluorescence lifetime of fluorophores. Molecular brightness information could be
used to simultaneously monitor the temperature and possible dye-quencher

interactions of analyte systems of interest. In addition, rotational diffusion and
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fluorescence lifetime information would elucidate information on the environment
of the fluorophore’. Clearly, the field of 20FCCS-CFCE is ripe for development.
This dissertation has demonstrated the development of a technique,
2bFCCS-CFCE, that expands the frontiers of capillary electrophoresis analysis.
Hopefully the three areas in which the work was performed have illustrated for

the reader the promise that 2bFCCS-CFCE has as an analytical technique.
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