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ABSTRACT

Capillary electrophoresis (CE) has emerged as a powerful analytical technique for

the separation science and other disciplines. CE has been applied to the separation of a

wide variety of analytes rangihg from inorgénic ions, organics, proteins, DNA, and much
more. However, detection rﬁethods have always been a primary concern. In fact, from
the early reports of CE to the modern day advent of CE, detection methods have been
problematic. Many detection methods have been employed with CE ranging from
absorbance, electrochemical, conductivity, lase;r induced fluorescence, thermal lens, and
others. The increasing pressure to detect smgll amounts down to the single molecule
level has léd to the improvement of the above methods and the implementation of new
methods. One new method introducéd is the use of éheath flow cells (SFC) for
ultrasensitive detection down to the attomole level and approaching the single molecule
level. With this development of SFC, his come the implementation of new applications.
A post-column derivaﬁzation technique based on the SFC arra;ngement for the study of
DNA-protein interacfion is explored. The developfnent of SFC as a detection
methodology has warranted the need for a rugged device that can be used in a routine
laboratory setting. A new device based on this concept is intrpduced, constructed, and
implemented for reduced dimension separation techniques such as CE.

One of the drawbacks to the aforementioned detection methods is the inability to
’obtéin structural information from a CE separation. With the recent growth and
explosion of surface enhanced Raman scattering (SERS),l detection levels have
approached the single molecule level with this; method. This work combines the

advantages of CE with the structural information inherent to SERS to obtain structural
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iﬁfoméfion from a CE écpafatiOn. CELSERS is introduced, implemented and evaluated in
this work. The coupling of CE with S’ERSioffers the advantages of an alternative for

- qualitative analysis, kinetic'studies, and dthers.



ORGANIZATION

Chapter 1 is ‘intended to introduce the reader to the fundamentals of
chromatographic techniques such as liquid chromatography and capillary electrophoresis.
Empbhasis is placed on CE, which governs the work presented. However, effort is made
to draw comparisons between the two techniques. Current detection methods are
presented and background information is given for the detection strategies developed in
"this work.

Chapter 2 discusses the use of a sheath flow cg'll for the study of DNA-protein
interactions. The major focus of this chapter is the evaluation of a sheath flow cell as
post-column reactor for post;column ﬂuqrescence derivatization in CE.

Chapter 3 details the design and construction of a robust sheath flow cell based
detection system. Extensive research and development on various experimental designs
are examined and evaluated to produce a working model. The design is teéted for routine
analysis in a laboratory setting, -

Chapter 4 entails the developfnent of novel detectié"n method mating SERS with
CE. This new means of detection for CE is evaluated with a set of test cbmpounds. A
variety of experimental conditions are optimized and presented. Finally, preliminary
SERS-CE work is shown to be a useful tool for biochemical analysis in the
pharmaceutical field.

Chapter 5 summarizes the work presented in chapters 2-4 and offers some future

direction and possible applications of the detection methods developed.
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CHAPTER 1
INTRODUCTION TO CHROMATOGRAPHY,
CAPILLARY ELECTROPHORESIS,
AND METHODS OF DETECTION

INTRODUCTION TO CHROMATOGRAPHY
Brief Historical Perspective

~ In today’s world of complex mixtures and matrices tﬂere 1s an intrinsic need to
separate, purify, and identify ’individual éomponents of these mixtures. Consequently,
the separation of individual components from a complex mixture is more often than not a
vital step in analytical procedures. Without doubt, the most widely used method of
performing these separations of individual components is chromatography.
Traditionally, classical sample preparation methods (e.g. solvent extraction and solid
phase extraction) were used for the separation.of mixtures of compounds into individual
components. However, instrumental chromatographic techniques have become more
popular alternatives to the aforementioned classical. approaches as evidenced by their
wide use ranging from metal analysis, environmental contaminants, peptides, DNA
analysis, various assays, and more [1-10]. Today, the instrumental chromatographic
techniques most often used by the analytical chemist are traditional chromatography and
electrokinetic based techniques.
Chromatography includes a diverse and significant group of techniques, which
allow for the separation of closely related components of complex mixtures.

Chromatography can be defined as a separations technique in which the individual

components of a mixture are separated based on the rates that they are carried through a

1




stationary phase by a mobile phase. . In all chromatographic techniques, the sample is

dissolved in the mobile phase, which can be either a liquid or a gas. The mobile phase is
then forced through an immiscible stationary phase, which is fixed in place in a column
orona solid surface. The overail separation process is governed by the partitioning of
analytes between the stationary phase and the mobile phase depending on their affinity
for either the stationary or mobile phase. For example, components, which are strongly
retained by the stationary, migrate slowly with the mobile phase. Conversely,
components, which are weakiy retained b'j/ the stationary phase, move quiékly with the
flow of the mobile phase. In‘gas chromatography, the vapor pressure of the component
at the column temperature is also a facto_f. | |

There afe two basic cléssiﬁcations of chromatdgraphy: column thomatography
and planar chromatogréphy. Column chromatography techniques will be briefly
discussed hére (a feview on plénar chrothatography can be found in the 1iteratu£e) [11].
In column chromatography, the stationary phase is coated on, chemically bonded to, or
packed in, the capillary. The rﬁobilc phase is forced through the- column through a
pressure driven system. There are ﬁvo general types of column chromatography, which -

will be discussed: Gas Chromatography (GC) and Liquid Chromatography (LC).

Gas Chromatography
Although chromatographic techniques were first reported in 1903 by Tswett [12],
not until 1952 was an instrumental separation method introduced when James and Martin

first introduced Gas Chromatography (GC) [13].l - GC quickly became the

chromatographic technique of choice ‘due to its simplicity and reproducibility. Early
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forms of GC used glass or stainless steel tubing as columns (usually Y inch inside
diameter) and were packed with particles coated with a desired stationary phase. A
drawback to this first type of GC employed was the poor efficiency that was obtained
with these poorly packed columns. In ;furn, the poor efficiency limited quantitative
analysis of complex mixtures. Furthennc;re, the high pressure drops associated with these
packed columns limited lengtﬁening of the column to improve the overdll efficiency of
the separation.

The greatest improvement in GC ‘was the introduction of open tubular columns.
Open tubular columns have a 20(Q-:5(50 pm inner diameter (i.d.) with the stationary phase
coated on or chemically attached to the capillary wall. Because of greater permeability,
these columns can be made up to 32’times longer than packed columns while maintaining-
low pressure drops and increasing the efficiency. This evolution in cohqnn preparation
made it possible to separate and quantitaté moderately complex mixtures and made GC a
powerful separations technique. However, a major disadvantage to GC is the necessity
that the sample be volatile at relaﬁvely low temperatures. This requirement limits the
range of samples that can be analyzed by GC to only about 20% of orgarﬁc compounds.
A need for tﬁe development of a chromatographic .technique for the analysis of liquid

samples was warranted.

Liquid Chromatography
Liquid chromatbgréphy (LC);was originally introduced by Tswett [12]. His
separations were carried out in glass columns with diameters of 1 to 5 cm and lengths of

50 to 500 cm. For reasonable flow rates, the diameters of the particles of the solid
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stationary phase were usually in the 150 to 200 um range. The typical flow rates used
were in the range of tenths of an mL per minute that resulted in separation times of
several hours. Attempts to increase the flow rates to improve efficiency were
unsuccessful. Early in the development of LC it was realized that in order to increase
column efficiency there was a need for major éhanges in the particle size of the packing.
" Early development in LC involved decreasing the particle size of the packing. However,
the developmgnt of LC did riét take off until the late 1960’s v;/hen greater emphasis was
placed upon developing LC as a corxiplefnehtary technique to GC. Advances in both
instrumentation and column packings occurred very rapidly. It was in the late 1960’s that
the technology for producing particle diameters as small as 3 to 10 pm was developed. It
was this column technology, as well as advances in instrumentation, that gave birth to
“high-performance liquid chromatography” (HPLC). Today, HPLC is the most widely
used of all the analytical separation techniques. The reasons that HPLC has reached
tremendous popularity is that HPLC is readily adaptable to accurate quantitative
determination, - suitable for separating r;onvolatile species and has widespread
applicability to a variety of materials. The introduction of HPLC expanded the

applicability of instrumental chromatographic techniques to 90% of all compounds.

INTRODUCTION TO CAPILLARY ELECTROPHORESIS
Brief Historical Perspective

As liquid chromatography was further developed in the late 1960’s so was a
technique that would later compete with LC, electrophoresis. This technique may be

traced back as far as 1930 to the work of Ame Tiselius who demonstrated the first real
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example of electrophoresis by separating proteins based on the electrical charges on their
surfaces [14]. In 1948, Ame Tiselius was awarded the Nobel Prize in Chemistry for his
work with electrophoresis.. Howéver, potentiélly the most significant advance in the
development towards capillary electrophorésis (CE) as an analytical method wasAthe
transfer of electrophoresié from a slab format to a column format.

The early yeérs of c_leyelopment of CE saw the technique used for samples to
identify one or two ,majovr" corlnponen’cs.' Stellan Hjerten reported on the theory of
applying an electric field to ’a"sa;mplté: of séiu_tion, which wéuld séparate the analytes into
distinct zones [15]. Furthe;rmoré, ﬂjerten noticed that ’under this applied electric field
that analytes migrated at differeﬁf rates forming distinct \zoi;les, However‘, Hjerten
observed that with the electric field, the system is heated causing thermal gradients and
. producing poor resolution. In order to reduce the effects of Joule hegting,'Hjerten
demonstrated élcctrophoresis_’ in a column format for free solution elécfrophoretic
separations in 1967 t16]. The column format allowed for the application of higher
applied fields without the consequences of heating effects. Unfortﬁnately, Hjerten was
limited by detection methods for small bore columns; hence, he used 3 mm diameter
tubes for his separations. To help counteract the thermal problems- associated with this -
large size tubes, the tubes were slowly rotated about the longitudinal axis.

Further develqpmeﬁt of colﬁnn electropfloresis was described by Virtanen where
the author used a potentiofnetric dé:tector for free zone electrophoresis in 200-500 pm -
diameter Pyrex tubes [17]. Mikkers, Everaerts, and Verheggen utilized 200 ;im diaméter
Teflon tubes for free solutién separation‘[18].v The authors s;aparated a variety of orgahic

and inorganic anions using both ultraviolet (UV) and conductometric detection schemes.
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However because of the poor detectability of the technique, large injection volumes were
necessary which led to very poor efficiencies in these column electrophoresis techniques.
The works described above were very imﬁortant in the development of CE.
However, it was the pioneering works of Jorgenson and Lukacs that led to modern day
CE [19, 20]. These works demonstrated highly efficient (4 x 10° theoretical plates)
electrophoretic separations of peptides, amines, and amino acids. The separations were
done in 75 pm i.d. fused silica capillaries, which could successfully dissipate the heat
generated by the applied electric field of 30 kV. To overcome problems in detection
methods as reported by previous authors, Jorgenson and Lukas used fluorescence
detection with these narrow-bore capillaries. In addition, the theory of CE was expanded
to include the ifnporta.nce of electroosmotic flow in determining the mobility of ions and
the affects on both resolution and analysis time. This work led to the explosion and
continued growth of modern day CE. Toda);, CE is used to separate a wide variety of
-analytes ranging from peptides, proteins, metal ions, DNA, toxins, and much more [21-
28]. Almost any detection method‘ can be coupled to CE with several reviews in the
literature [29-32]. Concurrently, vast improvements in CE separations have occurred

(see review in literature) [33] .

Theory of CE
Electrophoretic Migration

Electrophoretic separationé aré based on the different migration rates of ionic
species in an applied electric field. The direction and magnitude of the ion’s migration

rate is dependent on the magnitude and charge of the ion and the magnitude and direction
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of the applied electric field. In an applied electric field, the ion experiences a force (F)
that is proportional to the chargé of the ion (q) and the electric field (E) given by:

F=qE (1.1)

The applied electric field (E) can be defined as follows:
A%
E=— (1.2
T (1.2)

where V is the applied voltage and L is the column length (usually in cm). This resultant
force causes the ion to migrate towards the oppositely charged electrode. Opposing this
directional force of the ion is a counteracting frictional force (F’) given by:

F'=6rna'v (1.3)
where 1 is the solution viscosity (N s/m?), a’ is the radius of the ion (m), and v (m/s) is
the velocity of the ion. During electrophoresis a steady state is feached almost
immediately and is defined by the balance of F and F’ where the forces are equal but
opposite as shown in Eq. 1.4:

gE= 67r77é1'v (1.4)

Solving Eq. 1.4 for velocity yields:

v=—3_E (1.5)
67na’

The frictional coefficient ratio (¢/67na’) is proportional to the charge to size ratio and
determines the electrophoretic mobility (1) of a given ion. The g, is defined as the

velocity per unit field strength and is derived from Eq. 1.5 to yield the following:

q 1%
=u == (1.6
p—- He E( )



From the above equations it is evident that small, highly charged species will have high
electrophoretic mobilities where large, lowly charged species will have small mobilities.

Electrophoretic separations are based on the differences in z, values.

Electroosmotic Flow

The goveming force and a very important phenomenon behind free solution CE is
electroosmotic flow (EOF). EOF is the bulk flow of the liquid in the capillary and is a
consequence of the surface charge on the capillary wall. EOF results from the
electroosmotive pumping action, which originates at the wall of the capillary due to the
interaction of solvated cations with the negatively charged capillary surface (discussed in
more detail later). When the electric field is applied across the capillary, these solvated
cations at the wall-solution interface will migrate towards the cathode due to electrostatic
attraction while dragging aiong with' it the entire solution within the capillary. A
depiction of EOF is shown in Figure 1.1. The velocity of EOF (Vgor) depends on

properties of the solution and the capillary as follows:

VEoF = E_é’g (1.7)
n

where ¢ is the zeta potential at the capillary wall, € is the dielectric constant of the solvent
and 7 is the solution viscosity. The zeta potential is the potential at the interface between
the immobile capillary wall (including any adsorbed ions) and the freely moving buffer.

As can be seen from Eq. 1.7 there is a direct relétionship between the velocity of EOF

and the zeta potential.
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Figure 1.1. Depiction of EOF. The effect of ele ctroosmotlc flow (EOF) dragging the

bulk flow of the liquid towards th cathode



The walls of the capillary are made up of fused silica and exhibit a negative
charge above a pH of 3.0. The solvated cations in solution are attracted to the negatively
charged surface, thus they will migrate to the capillary wall. This build up of cations at
the capillary-solution interface results in-the formation of the charged double layer.
When an electric field is applied across the capillary, the solvated cations are attracted
towards the cathode end of the capillary. With this migration towards the cathode, the
cations drag along with it the bulk flow of the solﬁtion. Therefore, the formation of a
charged dpuble layer gives rise to the-zeta potential and copsequently EOF. This
formation of the charged double layer and consequent build up of EOF can be seen in
Figure 1.2.

Examining Eq. 1.7 and recalling Eq. 1.6, the mobility of EOF can be defined as:
H Eor-‘=ﬁ (1.8)
n

Equation 1.8 demonstrates the intrinsic nature of the mobility‘ of EOF because it is
independent of the applied field as well as its lack of radial dependence. This lack of
radial dependence for EOF results in a flat or plug-like flow profile that is partially
responsible for the high efficiencies attained in CE. Since EOF is the driving force of
fléw and is generated at the walls of the capillary, a uniform distribution of flow across
the capillary is observed, as seen in Figure 1.3. Comparing the flow profile observed in
~ CE to that of an ideal case, it is seen thét flow profiles are nearly identical. However, in
the case of LC methods that us;e the shear force of pumps to attain flow, a laminar flow

profile is observed which generates unequal flow rates for analytes at different positions
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Figure 1.2 Charged double layer. The formatioﬁ of the chargéd double layer giving rise

t0 the zeta potential and the phenomenon of electroosmotic flow (EOF).
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within the column. This laminar flow profile represents a significant source of band

dispersion in LC techniques, which are nbfc present in CE.

Observed Electrophoretic Mobility

The phenomenon of EOF allows for the detection of all analytes regardless of
charge in a single analysis. This process is true because the magnitude of pgor is
generally greater than the electrophoretic moBilities of the analyte ions. The observed
electrophoretic mobility that any individual ion experiences in the capillary is an additive
affect of its intrinsic mobility, Me , and the-mobility of electroosmotic flow, pgor. This
observed electrophoretic mobility s, is given by:

M obs= e+ L eof (1.9)
Understanding Equation 1.9 is crucial in understanding how a separation occurs in

CE. As seen in Figure 1.4 each analyte has its own g,y but it is the effect of zor that

_influences the migration rate of the analyte. Cationic analytes have s, that is in the same

direction as ygor; hence, the mobilities are added producing a p,s greater than that of
peor. Conversely, anionic analytes have an intrinsic mobility, which is towards the anode
(-Ke) the opposite the cathodic direction of EOF. When the -y and pgor are added in this
case, the resultant is an observed mobility less than that of pgor . Hénce, anions will be
dragged towards the cathode by the stronger EOF. Neutral analytes do not exhibit an
electrophoretic component, thus they are carried with the mobility of EOF. This is shown

in Figure 1.4 and summarized in Figure 1.5.
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Kobs (+) = HEOF T He(+)

Upor = mobility of neutral species

Hobs () = MEOF T Me()

Figure 1.4. Mobilities in CE. The observed mobilities for a cationic, neutral, and
anionic analytes respectively in CE.
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Figure 1.5. Flow Vectors in CE. (top) The flow vectors of EOF, cations, and anions in
CE. (bottom) The resultant flow vector after taking into account the effect of EOF.
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The time required for a given analyte to reach the point of the detection along the
capillary is called the migration time and given simply by the quotient of distance
migrated and velocity it traveled. The migration time of an analyte can be used to

determine the observed mobility from the analysis By the following:

[ L -
’ oby = — = —— 110
pow =g = 110

where [ is the length of the capillary to the detector (effective .length), L is the total

column length, ¢ is the migration time, and V is the applied voltage.

Dispersion and Efficiency

In electrophoresis, the separations are based on the differences in. 4, which are
related to charge ratios (e.g. differ,ent mobilities) of the a;nélytés'in solution. Dispersiqn
is an important parameter in CE to be controlled because it can widen the zone' and thé
moBility difference needed to achieve a well-resolved ‘separation. To achieve a
separation with well-resolved bands, the chromatographic band should remain in a
naﬁow Gaussian distribution as it travels through the column. As the baﬁd travels
through the capillary, there will be a éertain amount .of dispersion or broadening of the
band. The broadening of a Gaussian solute band is représented by its standard deviation,
o, or variance o’. The width c;f é Géussian solute baﬁd, Wp, Can bé defined as:

w=40 (1.1’1)

Plate height (H) is usually calculated to relate the amﬁunt of variance per unit length (L)

of the separation column as given by: -
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2

(o}
H=-— (L.12
7 (112)

Efficiency (N) of a separation is the number of theotetical plates obtained and can be

related to H by the following:
L
N=— (1.13
q (1.13)

There are several factors that can influence dispersion in CE and hence, the
efficiency of a separation. In CE, the absence of packed stationary phase and the laminar
flow profile seen in LC separations, eliininate two significant sources of dispersion.
Therefore, CE separations are generally much more efficient than LC separations. The
factors in CE that affect dispersion such as diffusion, injection, detection, thermal effects,

and others as given by:

2
thermal

2

2
total i

inj

+ol.. (1.14)

Cral =gy + Oy + Oy + 2
Other sources of variance can include solute adsorption to the capillary wall and
mismatched conductivities of"the sample and buffer (electrodispevrsi»on).‘ Minirrﬁzing
dispersion due to adsorp\tion can. be accomplished by optimizing buffer content and pH.
Proper selection of buffers can help to minimize electrodispersion. The effects of
dispersion from injection and detection can be partially overcome by small injection and
detection plug lengths. I‘herrnal dispersion effects are minimal for narrow bore
capillaries since they dissipate heat much more feffectively as previously discussed.
Under ideal conditions, it can be assumed that the major source of dispersion is due

solely to longitudinal diffusion. Variance from molecular diffusion can be determined

from the Einstein equation as follows:
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o? =2D¢t (1.15)
where D is the molecular diffusion coefficient (cmz/s) and ¢ is the time for diffusion to
occur. Solving EQuation 1.10 for ¢ and substituting into Equation 1.15, efficiency can be

related to the molecular diffusion term in chromato graphy as given by:

; 2DIL
= 1.16
5 (1.16)

e

o)

Substituting Equation 1.12 for H in Equation 1.13 yields a fundamental expression for N
'in CE as given by:

L _AME

N=—
o} 2D

(1.17)

From Equation 1.17 it is evident that higher fields results in an increase in efficiency
simply because the analyte spends less time in the capillary and has less time to diffuse. .
Efficiency can be determined directly from an electropherogram from the following

equation:

N=5.54[ d J (1.18)

Wi,

where wy,, is the width of a peak at half the height in time units.

Resolution

Resolution of a mixture of components in a sample is a very important parameter
In any separations technique. It can be problematic to accurately identify ’and/or
quaﬁtitate an individual component if they are poorly resolved. All of the parametgrs

discussed in the previous ‘section, which affect _dispersion”and efficiency, play an
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important role in determining the resolution of a separation. In fact, resolution can be

expressed with respect to efficiency as given by:

R =§(—AiJ (1.19)

s
avg

where Ap is the difference in the mobilities of two given analytes and L,y is the average
of the two mobilities of the two analytes. Substituting Equation 1.18 into Equation 1.19

yields a theoretical expression for resolution given by:

1 3 \ 12
R =| —(— {[(A)| ——— 1.20
’ [4\/5}( IU)[D(/'_[e-l_:uEOF)J ( :

It is apparent from Equation 1.20 that an infinite resolution can be reached when z and
Ueor are equal but opposite each other (e.g. the two analyte migrate in the opposite
direction). However, analysi;s, time would approach infinity and only one analyte would
be detected. Experimental parameters should be controlled to optimize both resolution
and analysis time. Resolution can be measured directly from the electropherogram and

can be simply stated by:

R, =12(t_2ﬁ (1.21)
w, +w,

where ¢, and ¢; are the retention times of two 'respective analytes and w, and w; are their

correéponding baseline peak widths.

Instrumentation

One of the unique features of CE is the inherently simple instrumentation needed

(see Figure 1.6). Typically for CE separations, fused silica capillaries of 25 — 75 pm 1.d.
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and 150 — 365 um o.d. are used. The capillary is placed between two buffer reservoirs
whose content is identical to that of the capillary and the reservoirs are placed at equal
heights to eliminate any hydrostatic flow in the capillary. Sample introduction is usually
achieved by either replgcing thé iﬁlet end of the colﬁmn (anode) with a reservoir
containing the sample ana aﬁplying pressure or a small electric field.

Pressure injection or hydrodynamic injection is often accomplished by raising the
capillary inlet with respect to the outlet for a given period of time and the sample is
introduced by siphoning. The volume/injected by hydrodynamic injection can be

determined by the Poiseulle equation:

AP (d) 7
1287L

(1.22)
where AP is the pressure drop defined by:
- AP=pghh (1.23)
where p is the density of the sample, g is the gravitational constant, and A4 is the height
difference between the sample vial and the outlet vial.

Applying an electric field or electrokinetic injection will introduce a quantity, Q,

into the capillary, which can be calculated by:

2
Q= (:ue +‘UE?£)V7ZT Ct (124)

where 7* is the inner radius of the capillary, ¥ is the voltage used for electrokinetic
injection, C is the sample concentration, ¢ is the length of time for injection, and L is the
capillary total length. As can be seen by Equation 1.24, the electrokinetic injection

discriminates between solutes based on their mobility.
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Once injection of the sample is completed, a high voltage is applied across the

capillary usually ranéiﬁg form 10 — 30 kV producing electric fields ranging from 100 —
1000 V/em. After appliéétioﬁ of the electric field, injected solutes will migrate at
different velocities kfrom the inlét (anode) to the outlet (cathode) while separating into
discrete bands based on‘ their different mobilities7 Progression of a typical CE separation
occurs from all analytes exi'stin‘g: as a narrow (typically 1-2 mm of capillary length)
injection zone (see Figure 1.7). Next, the analytes begin to migrate into separaté bands
based on their different Veibcities, and finally the analytes will separate into discrete
bands, which can be detected individually. Detection in CE is typically accomplished on-

column by the removal_ of a section of the polyimide coating from the capillary. Removal
of the polyimide can be accomplished by using a lighter or fuming sulfuric acid.

Detection schemes employed are discussed in more detail later in this chapter.

Modes of Capillary Electrophoresis
Capillary Zone Electrophoresis

Capillary zone electrophoresis .(CZE) is the most widely used form of column
electrophoresis due to its simplicity of operation gnd versatility. CZE is fundé.mentally
the simplest form of CE because o:f the simplicity in separation mechanism. Typically
the separation occurs because analytes migrate into zones blased on their different
velocities as previously discussed (see Figure 1.7). As already noted, both anion and
cationic analytes are separatéd by EOF. ' However, neutral species do not have an

intrinsic mobility; hence, they migrate with EOF. To extend the applicability of CE to
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Figure 1.7. The progressidn ofa CE separation.
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neutral compounds, another mode of CE is employed, Micellar Electrokinetic Capillary

Chromatography (MECC or MEKC).

Micellar Electrokinetic Capillary Chromatography ,

MECC is a cross between electrophoresis and chromatography and is one of the
most widely used modes of CE today. The separation of neutral species is accomplished
by addition of surfactants to the running buffer. Once above their critical micelle
concentration (CMC), aggregates of surfactant molecules are formed called micelles.
Micelles generally consist of long hydrophobic tails, which are oriented towards the
center of the micelle to avoid interaction with the hydrophilic running buffer, and charged
heads, which are oriented toward the running buffer. Anionic surfactants have little
effect on EOF. However, cationic surfactants can reduce and eventually reverse the
direction of EQF as depicted in Figure 1.8.

The charged micelle constitutes a secondary pseudostaionary phase, which
migrates at a velocity different than that of EOF. For example, an anionic surfactant will
migrate toward the anode away from EOF. However, since EOF is generally greater than
the velocity of the micelle the net movement is in the direction of EOF just as most
anionic solutes (see above). During the analysis, the solutes will interact with the micelle
both through hydrophobic and electrostatic interactions. For neutral species, it is the
partitioning in and out of the micelle that effects; the separation. Association of ,neutral
molecules with the micelles is generally in proportion to the hydrophobicity of the solute.
When the solute is not interacting with the micelle it is simply carried by EOF and will

elute earlier. The separation process in MECC is shown in Figure 1.9.
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Hobs (N) = —_—->

Hobs (micelle) = =P

Figure 1.9. Depiction of the separation mechanism for MECC.
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MECC Ais more versatile than traditional CZE since it can separate both charged
and neutral species. In addition, separation selectivity can be readily changed by the
addition of differeﬁt micelles or reagents or modifiers to the runming buffer. The ability
to quickly change the system selectivity by modification of the running buffer is a great
advantage of MECC and CE over traditional chromatographic techniques such as LC.-

A disadvantage to MECC is that since the secondary phase is not stationary, there
is a limited time window during which the solutes may elute. The time window is limited
by the void time of the system (¢,) and the effec;tive migration time of the micelle (¢,).

This limitation produces some potential drawbacks to the technique. First, the limited

time window reduces peak capacity which simplistically is the number of peaks -

(analytes) that can be separated in a given time window. Another drawback is that as
retention of an analyte increases (i.e. capacity factors, &’, increase), resolution will first
increase, but then reach a maximum before decreasing as the analyte retention time
approaches that of #,. This results in poor resolution fo.r highly retained (hydrophobic)

analytes; therefore, hydrophobic analytes are difficult to separate by MECC.

Capillary Gel Electrophoresis

Before the advent of capillary gel electrophoresis, slab gel electrophoresis was
often employed. Traditionally, slab-gel electrophoresis is the technique of choice for the
separation of large biomolecules such as nucleic acids. Traditional electrophoresis'was
combined with a sieving medium, polyacrylamide, and the technique was termed
polyacrylamide gel electrophoresis (PAGE). DNA migrates through the fixed pores of a
polymeric network driven by an electric field. Small' molecules migrate easily because
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they do not exhibit resistance ‘from the pores. Large molecules must travel a more
exhausting path finding a pore large enough to allow them to pass through before
migrating through the polymeric network. Therefore, there is an inverse relationship
between a molecule’s mobility and its size. Early forms of this technique suffered from
poor dissipation of heat necessitating the use of low electric fields and thus analysis times
were long. In addition, sample recovery is necessary for additional analyses.

Hjerten modified this approach, which came to be termed capillary gel
electrophoresis (CGE) [34]. Unfortunately, this method resulted in poor efficiencies.
Hjerten realized that this degrgdation in efficiency might be due to solute-wall interaction
between the biopolymers and the wall of the capillaries. Hjerten then published a
benchmark work in CE [35]. He employed a column coating procedure, which
successfully coats the charges on the wall of the capillary minimizing the solute-wall
interactions. In order to efficiently separate DNA fragments, the capillary must first be
modified with a linear polymeric coating, which effectively minimizes DNA-wall
adsorption and EOF. Once the capillary is 'coa‘;ed, EOF is essentially negligible and for
the separation of negatively Eharéed DNA fragments the electric field applied is in the
opposite polarity (i.e., detection is at the anodic side) of that of traditional CE. The effect
of a coated capillary on EOF for typical DNA analysis is shown in Figure 1.10.

There are two models, whi;:h are applied to help describe the migration of DNA -
through polymer networks in CE. The ﬁﬂgra‘tio;l of DNA thI‘OI.;gh a polymer network in a
CE column is shown in Figure 1..11. Thé-ﬁmdamental'basis of these models is that the
polymer networké posses a random distribution of pore sizeg through which DNA
molecules with different radii of gyration migra’ge. The Ogston model describes a DNA
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Figure 1.10. Coated column. The effect of coating a column on the EOF and overall
flow direction for analysis in CE.




Figure 1.11. A depiction of the mesh network formed with the use of the soluble
entangled polymers in CE. Two DNA fragments are shown with their observed
mobilities.
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molecule as a sphere migrating through the polymer network [36]. The DNA sphere

diffuses laterally until it rcach-e's' a/pore of the appropriate size to pass. The reptation
model of migration assumes that if the DNA behaves as a sphere then size sieving
matrices that have pore sizes too small for the DNA to pass would trap it [37-40].
Migration would occur because the DNA reptates, head first, through the polymer
network by continuously stretchingv and relaxing as needed. The reptation model stresses
the importance of the DNA mobility on field strength, pore size, and othéf experimental
parameters.

Since the net charge on a DNA molecule is directly proportional to its mass,
regardless of the number of base pairs (bp) on the DNA, each fragment will migrate at
the same rate. Hence, traditional free solution CE is often unsuccessful at separation of
DNA materials. Sieving matricés are often employed in capillary gel electrophoresis for
| the separation of DNA materials. With traditional slab-gel electrophoresis, a sieving
matrix is erﬁployed to induce additional selectivity necessary for the separation of bNA.
- Two DNA molecules of different size will have identical electrophoretic mobilities
causing them to co-eluge; however, the sieving matrix used allows for separation.

Early works using sieving matrices were often chemically bonded inside the
column. Problems associated with these matrices include poor reproducibility of the gels
and the inability to introducé fresh matrix into the capillary. Today, soluble polymers are
used for DNA separations [35; 41-48]. Soluble polymers do not require cross-linking to
form the mesh network and fresh polymer can be easily introduced into the capillary.
Another advantage of these soluble polymers is that they are a dynamic system without a

fixed pore size. Varying concentrations around the entanglement threshold, @, where
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polymer strands interact with each other to form an entangled mesh network, controls the

pore size of the polymer network. The soluble polymer method described for the use of

DNA separations are often referred to as size-selective CE (SSCE).

INTRODUCTION TO DETECTION METHODS
Absorbance

As noted previously by earlier works on column electrophoresis, detection in CE
can be a great challenge due to the small optical pathlength of the small diameter
capillaries employed. There is a wide variety of detection methods employed for CE
including absorbance, fluorescence, Raman, conductivity, mass spectrometry,
electrochemical, circular dichroism, and others with absorbance and fluorescence the two
most common methods of detection. Absorbance of a solute (A) can be defined by
Beer’s Law as given by:

A=¢ebC (1.25)

where ¢ is molar absorptivity, b is the optical pathlength, and C is concentration. As can
be seen from Equation 1.25 'gher‘e.i‘s a direct depéndence of absorbance on the pathlength
of the cell used. Since the pathlength is small in CE due to the diminutive capillaries
used, absorbance is not a very sensitive method of detection in CE. However, absorbance

detection is still routihely used since a large number of analytes will absorb UV light.
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Fluoresceﬁce Spectroscqpy
Theory

A brief deécription on theory fluorescence spectroscopy is waﬁanted, however for
a more comprehensive description the reader is referred to Skoog et al. for further reading
[49]. Fluorescence emission requires that a molecule absorb photons of light in order to
populate excited electronic states. Relaxation from the excited state via fluorescence is a
short-lived process (< 107 s). Fluorescence can occur without a change in the frequency
of the fluorescence emiss;ionv from that.of the excitation frequency called resonance
fluorescence. However, mofe often emission is found at wavelengths longer than that of
the excitation termed Stokes‘ Shift. In order to understand the basis of fluorescence
spectroscopy, it is importaﬁt to discuss molecular orbitals.

The characteristics of fluorescence can ‘be described by means of simple
molecular orbitals for the given compound. Organic con}pounds absorb radiation when
the energy associated with the radiation is appropriate to promote electrons to higher
energy molecular orbitals and when certain selection rules are observed [49]. The
electrons that will lead to absorption in an organic molecule are those directly involved in
bond formation between atoms and the nonbonding or unshared electrons that are
localized around such atoms as oxygen, sulfur, nitrogen, and halogens.

The molecular orbitals associated with the single bond formation in organic
molecules are termed sigma (o) orbitals and the corresponding electrons are termed
sigma electrons. Double bonds formed in organic compounds contain one pair bonding
electrons (o electrons) and a set of & ,electroné corresponding to the other pair of

electrons. In addition to the electrons mentioned above, many organic compounds have
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nonbonding electrons. The unshared electrons in a compound are designated by x.

‘Figure 1.12 depicts an organic compouhd (formaldehyde) with the three different types of
electrons and orbital energy ordefing 1s ghown in Figure 1.13.

Fluorescence occurs from the promotion of electrons to a higher energy or excited
state due to the absorption of radiation. Tﬁe four types of transitions are > o*, n> c*,
n> n*, and ©-> n* [49]. Observation of Figure 1.13 reveals that for 6> o* transitions
to occur a large amount of energy is needed for this transition; thus absorption maxima
for these transitions are seldom observed in the accessible ultraviolet region. Even
though n-> G*'require less energy, they are not very common since the number of
functional groups with these n = o* transitions in the readily accessible ultraviolet
region is small.

Most applications of ‘absorption spectroscopy are based upon transitions for »n or 7
eléctrons to the 7* excited state because the energies needed are in an easily accessible
region of the spectral region (200 to 700 nm) [49]. Both of these transitions require
unsiaturated functional groups (chromophores) to provide the I7z orbitals. There are a wide
variety of organic chromophores (see Table 1.1), which will absorb radiation and may

produce fluorescence.

Excited States

A molecular electronic state where all the electron spins are paired is termed a
singlet state [49]. One of a pair of electrons can be promoted to higher energy orbitals
producing either singlet or triplet excited states. In the singlet excited state, the promoted

electron is still paired with the electron in the ground state. Conversely, in the triplet
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Figure 1.12. Molecular orbitals. A pictorial representation of the three different types of
molecular orbitals found in most organic compounds.

Source: Skoog, D.A.; Holler, F.A.; Nieman, T.A Principles of Instrumental Analysis,
Harcourt Brace & Company, Orlando, Fla, p.331, 5" Edition.
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Table 1.1: Common Chromophores

Chromophore | ... (nm) | Type of Transition
Alkene 177 T > ¥
Alkyne 178 T > ¥

196
225
Carbonyl - 186 E n-> c*
280 n->n*
180 n-> c*
L 293 D
Carboxyl 204 n-> n*
Amido 214 ' n—> n*
Azo 339 n->m*
Nitro 280 | n—>mn*
~ Nitroso 300 | n->m*
665
Nitrate 270 n->mn*

Source: Skoog, D.A.; Holler, F.A.; Nieman, T.A Principles of Instrumental Analyszs
Harcourt Brace & Company, Orlando Fla, p.333, 5" Edition.
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excited state the spins of the two electrons are unpaired and exhibit different properties
than the excited singlet state. The transition from a singlet to a triplet state or vice versa
is much less likely to occur than a transition from the singlet to the singlet excited state.

Figure 1.14 is a partial enereg diagram for a photoluminescent‘ molecule. The
lowest energy state of a molecule is the ground state labeled as a singlet state (So) by the
horizontal line. The vertical lines in the figure indicate promotion to an excited energy
level indicated by Si, S;, and T that are the first singlet, second singlet, and first triplet
excited electronic energy levels réspectively [49]. The energy of the first excited triplet
state is lower in energy than the corresponding single state. The horizontal lines in each
state show vibrational levels associated with the electronic states. Excitation of the
molecule to an excited state is done by absorption of two bands of radiation around either
the wavelength corresponding to So—> S; transition or the Wavelength around the Sp=> S;
transition [49]. This excitation process; which occurs in low femtoseconds, results in
conversion to any of the several excited vibrational states. Direct excitétion to the triplet
state is not shown ~be:cause of the low probability as previousiy mentioned.

An excited molecule can return to its grouﬁd state by a variety of mechanisms.
Two of these proéesses, fluorescence and phosphorescenc{e,' involve the emission of a
photon of radiation. The other processes are nonradiative. :I‘h_e preferred route back to
tﬁe ground state is the one that r.ninimizeé the lifeltim‘e of the excitgd state [49].
Therefore, if fluorescence is rapid eﬁoﬁgh with respect to the radiationless processes then
emission will occur. Conversely, if any of the nonradiative process has a more favorable
rate constant then fluorescence is either less intense or absen_t. Fluorescence lifetimes are

in the range of nanoseconds (10°-107 s).
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One of the competing processes from an excited state back to the ground state is

vibrational relaxation. A molecule may be promoted to any one of several vibrational
levels, but the excess vibrational energy is almost immediately lost due to the collisions
between the molecules of the excited species and the solvent [49]. Relaxation to the
ground state can occur to any of the vibrational ground state levels and can be followed
by subsequent vibrational relaxation. The relaxation process has a lifetime of 1072
seconds or less which is muclll shorter than the average lifetime of the expited state.
Therefore, fluorescence will generally occur from the lowest vibrational lével of an
excited: electronic state, which is usﬁally the lowest excited singlet state. A consequence
of the fast vibrational relaxation is that fluorescence band for a given electronic transition
occurs at longer wavelengths from the absorption band (Stokes shift) [49].

Internal conversion is another nonradiative process, which occurs when a
molecule passes to a lower energy electronic state without emission of radiation. This
process seéms to be highly efficient since few molecules fluoresce. Another competing
process to ﬂuoreséence is external conversion in which deactivation of an excited
electronic state may involve interaction and energy transfer between the excite molecule
and the solvent. The details of external conversion are not well understood.

Intersystem crossing occurs in which the spin of an excited electron is reversed
resulting in a change of multip‘licity. The probability of this process is enhanced if the
vibrational levels of the two states ov‘elrla;p. For exarr_lple'invF'igure 1.14, the lowest
singlet vibrational state overlaps one of the upper‘ tﬁplet vibrational levels and
intersystem crossing is more probable. After intersysfém crossing to a triplet state,

deactivation can occur by phosphorescence. However, phosphorescence is less probable
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since it involves triplet> singlet transition (see above) with a lifetime of 10 to 10

seconds or more.

Factors Affecting Fluorescence

The quantum efficiency for fluorescence can be defined simply as the ratio of the
number of molecules that luminescence to the total number of excited molecules. For a
highly fluorescent molecule (e.g., fluorescein), quantum efficiencies can approach unity
[49]. On the other hand, chemical species that exhibit low to no fluorescence have
efficiencies approaching zero.

The fluorescence quantum yield ¢ for a compound can be determined by the

following equation:

_ kr
kr + ki + kee + kic + kpa + ka

(1.26)

where k; ki ke, ki kpa, and ky are the rate constants for ﬂuofescence, intersystem
crossing, external conversion, internal conversion, predissociation, and dissociation
respectively.  Equation 1.26 shows the interpretation of many structural and
environmental factors that influence fluorescence intensity of a molecule. Variables that
lead to a high kr value and idw values for the other & terms enhance fluorescence. The
magnitude of k} is mainly dependent upoﬁ chemical structure. Many of the competing
processes with fluorescence are dependenf on the environment (e.g., solvent, polarity,

temperature) the excited molecule experiences.
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Transitions in F luqrescence

Fluorescence will seldom occur from absorption of ultraviolet radiation from
wavelengths below 250 nm because £he radiation will cause deactivation of the excited
species by either dissociation or predissociation mechanisms [49]. Instead fluorescence
emission is usually due to the less energetic z*—> n and #*> 7 transitions. quever,
fluorescence is more likely to occur in compounds where the lowest energy transition is a
7> r* transition than in compounds v;fhich the lowest energy transition is of the n> 7*
transition [49]. This is primarily‘ due to the shorter lifeﬁimes associated with the 7> =*
transitions (1(-)’7 to 107 s) compared to the n—> 7* transition lifetime of iO'g to ‘1‘0‘7 s Iand
thus, the % value in Equation 1.26 for the n > n* tr‘ansitioﬁ is larger than the n > 7#*
transition. In addition, the rate constant for intersystem crossing k; is smaller for the 7 >
7* excited states because the energy difference between the singlet/triplet states is larger;
therefore, it requires more energy to unpair the electrons in the 7* state for intersystem
crossing to occur [49]. Cénsequently, tﬁe probability dechases for of intersystem

crossing to occur.

Effect of Concentration
The power of fluorescence emission (F) is directly proportional to the power of

the excitation beam (Py) as given by:

F=K'(P,-P) (127)
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where K’ is a proportionality constant and P is the power of the beam after passing
through a length b of the medium. The constant X’ depends on the quantum efficiency of

the fluorescence process. Relating F to concentration, c, rearrange Beer’s law as follows:

P _ o
— =107 (1.28
7 ( )‘

0

where € is the molar absorptivity of the fluorescing molecules and €bc is the absorbance
A. Substituting can obtain:
F=K'P(1=10"%) (1.29)
Provided that 2.303 gbc = A <0.05 ;chen ai'ralngément of the Equatioﬁ 1.29 gives:
1I7'=\.2.3K'5bc13;) '(1.30) |
or if assuming constant Py:
F=Kc (1.31)
A plot of power versus concentration of the emitting species would be linear at low
concentrations. However, when ¢ becomes greater such that the absorbance is larger than
0.05, linearity is lost. In addition, at higher concentrations self-quenching and self-
absorption become problemaﬁc. Self-quenching is the resﬁlt of the collisions of excited
molecules. Self-absorption occurs when the wavelength of emission overlaps with an
absorption peaks and fluorescence is decreased because other fluorescent molecules
reabsorb the emission [49]. There are many other parameters that may affect
fluorescence including ring substitution, structural rigidity, tempefature, solvent effects,

and pH.
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Fluorescence Detection in Capillary Electrophoresis

Fluorescence detection methods are gene‘rally more sensitive than absorbance
detection methods. This increase in sensitivity is due primarily because of the linear
relationship of increased fluorescence emission (F) for increased excitation power (P,)
seen in Equation 1.27 that is called the “fluorescence advantage”. The sensitivity is also
related to measurement of an absolute quaﬁtity (F) rather than an attenuation of P (P,-P)
as observed with absorbance detection. This advantage combined with the selectivity
found with fluorescence detec_:tion results; inﬂsuperior 'detectability over absorbance
detection. In addition, the attrib‘utes of lasers make them well suited for fluorescence
detection methods for CE (discussed later in this section).

Even though there are advantages to laser inducéd fluorescence (LIF) detection
methods as mentioned above, it is not a universal detection method. LIF detection
rjequires that the analjfte itself fluoresce which can introduce a degree of selectivity, but
limits the number of analytes.‘ﬁsed. Unfortunately, .most species) exhibit very iittle
ﬁuorescence in their natural state. In order to broaden the scope of CE—LIF to a wider
variety of éompounds, the compounds must first be modified in some fnanner to be
detected. One methoq of mddiﬁcation is to derivatize the analyte of interest with a
fluorescent label. Many different derivatization agents have been used such as
naphthalene-2,3-dicarbokaldehyde (NAD) [50, 51], o-phthalaldehyde (OPA) [52, 53],
fluorescein isothiocyanate (FITC) [54, 55], and 8-hydroxy-quinoline sulfate (HQS) [56].
Forms of derivatization of compounds to be analyzed by LIF include either pre-, on-, or

post-column derivatization techniques.
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Pre-column derivatizafioq .1s the simplest and most straightforward form of
derivatization for use with CE since it requires no changes to the CE system. The
derivatization procedure is :};erfqrrned pﬁoy to sample injection ‘and separation. Pre-
column derivatization being done prior to injection has no time restrictions. However,
pre-column derivatization can result in multiple labeling of peaks and can make the
analytes of interest more similar in their charge to size ratios; henc;e, more problematic to
separate.

Another derivatization procedure that has been performed with CE is on-column
derivatization. Witﬁ ‘on-column derivatization, the capillary is first filled with the
fluorogenic reagent pri'or to sample injection. After sample injection, the fluorogenic
reagent and the analyte reach an equilibrium state ﬂas the analyte migrates through the
‘column; however, anélytes can still be multiple labeled. The adverse effects of multiple
labeling can be mitigated by the fact that this labeling method is dynamic (i.e., covalent
attachment of the label to the analyte is not involved).

With the aforementioned problems with on-column and pre-column
derivatization, the use of post-column derivatization is warranted.  In most instances, the
CE capillary and system must be modified in some manner to accommodate post-column
derivatization. Modification must allow for the derivatization agent to be added after the
separation without significantly diminishing the efficiency of the overall separation.
Many different designs have been employed for the introduction of the derivatization
agent post-column by co-axially coupled capillaries [53, 57, 58] or cross connectors built
into the CE capillary [59]. In addition, EOF has been used to facilitate the derivatization
reaction by the way of a free-solution reactor [60] or a fluid gap reactor [61]. However, it
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has been determined that the shea;ch flow design results in minimal band dispersion and
superior detection capabilities [62].

However, poét-column de'rivafcizatidn is not without drawbacks. For instance,
post-column derivatization schemes require fast kinetics between the derivatization agent
and the analyte in order to minimize band broadening of the separation. This can
severely limit the number of fluorescent tags that can be used with post-column
derivatization. In addition, a source of dead volume may be introduced with the
connections involved betwee-:n the:capiliary and flow cell.

Forms - of derivatization such as pfe-,-on-; of pést—colﬁmn deﬁvatizatioﬁ can
overcome this lack of native ﬁuorescénce of analytes. However, derivatization schemes
" can be problematic as mentioned. Each of these derivatization teghniques is alluded to

again some of the subsequent chapters.

Instrumentation

Basic fluorescence instrumentation normally consists of the following
components: excitation source, filters, detector, cell, and miscellaneous excitation and
emission optics to collect and direct the radiation. A basic CE-LIF apparatus is shown in
Figure 1.15. The system consists of a laser for the excitation source, a focusing lens, CE
capillary for the detection cell, collection lens, appropriate filters to isolate the radiation
desired, and a photomultiplier tube (PMT) for detection. LIF-CE is done on-column
through an optically transparent window created by removal of a short section of the
polyimide protective coating from the capillary. A laser beam is tightly focused through
this window and analytes are detected as they migrate pass this window. Fluorescence is
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Figure 1.15 Pictorial representation of a CE-LIF apparatus. F1 is an appropriate laser
line filter, L1 is focusing lens, L2 is collection lens, FOP is a fiber optic positioner, F2 is
a bandpass filter, and PMT is a photomultiplier tube.
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_collected at a right angle to the excitation source, spectrally filtered, and detected by a

PMT. As mentioned previously fn the dilscussion of fluorescence, only a small class of
compounds will natively fluoresce. Most analytes that do indeed fluoresce will require
excitation from a laser, which eniits radiation in the UV si)ectral fegion. UV lasers are
often expensive and can be problematic because special optics is required for work in the
UV to eliminate fluorescence eminating from optical surfaces.

To achieve high sensitive detection, lasers are preferred over conventional
incoherent light sources. ,,Las‘e.rs have many properties that make them ideal as sources
for CE-LIF including the following: power, collimation, monpchromaticity, temporal,
and polarization. Each of the five properties offérs their own advantagea as sources for
CE-LIF. Due to the fluorescence advantage mentioned previously, thie higher the power
the higher the fluorescence emission. Lasers are very capable of providing very intens;e
light from a few mW to several watts. Collimation of a laser beam is an important
property because of the small size of capﬂlaries used in CE. The ability to focus a laser
beam through a naﬁow-bore CE capillary is advantageous offering low focusing
volumes. When using pulsed lasers, temporali rejéction of unwanted signals is possible.
In addition, polarization properties are helpful in rejecting certain unwanted contributions
to background signals.

In general, on-column fluorescence detection methods suffer from a large amount
of light scatter off of the capillary producing a large amount of background signal due to
reflection and refraction. Ideally, fluorescence detection should occur off-column in a
flow chamber made of good quality and flat windows. -It would seem lagical to use a
square capillary for electrophoresia; however, it is difficult to make long segments of
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small dimension capillary with flat surface. Therefore, the use of a post-column
fluorescence detection chamber to achieve high sensitivity is desirable.

Great care must go into the design of a post-column detector to minimize band
broadening due to dead volume in‘the' transfer of the sample from the capilllary to the
flow cell. Dovichi has developed a post-column fluorescence detector based on the
sheath flow cuvette [62]. With this design the sample is transferred from the capillary to
the flow cell with little loss of separation efficiency and very high detection sensitivity is
achieved. The sheath flow cell (SFC) is made from optically flat quartz with 2 mm thick
windéws and has 200 pm square 1.d. ’fﬁe outlet end of the capillary is inserted a desired
distance into the SFC. Shééthing fluid, which is identical to the makeup of the CE
running buffer, is introduced into the cuvette at a flow rate of low microliters per hour
usually via a syringe pump. Completion of the electrical circuit for CE requires the
stainless steel plumbing associated with the sheath stream be held at ground potential.
Under the very low flow rates the sample stream is approximately 10 um in diameter
through the center of the SFC. Florescence is collected by a microscope objective at a
right angle to the sample stream. . Filters rejgct scattered laser 1ight spectrally and a 200
pum pinhole is used to isolate the field of the PMT to the illuminated sample stream. The
sheath flow cuvette has produced very low detection limits approaching single molecule
detection.

Evaluation, optimization, and implementation of various fluorescence methods
will be discuss,edl in‘ subsequent chapters._ In addition, a detailed discussion and

demonstration of SFCs will be given.
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Raman Spectroscopy

Brief History

In 1928, C.V. Raman discovered that the visible wavelength of a small fraction of
radiation scattered differs from the incident light and the shifts in wavelength are
dependent upon the chemical structure of the molecule causing the scatter [63-66].
Raman was awarded the Nobel Prize in Physics in 1931 for his discovery’; hence this

phenomenon bears his name.

Basic Theory

Raman scattering results from the same type of vibrational changes associated -

with infrared absorption spectroscopy (IR) [49]. However, there are differences in the
classes of compoﬁnds that cén be analyzed between the two techniques, which make the
techniques comﬁlementary. The biggest advantage Raman has over IR is the fact that
- water does not cause interference, thus aqueous solut.ion can be analyzed. In addition,
Raman spectra can be acquired in glass or quartz a cell, which eliminates working with
unstable window materials or even handing the compound at all. Raman spectroscopy
did not become widely used uﬁti) thé advent of lasers in the 1960s. Furthermore,
fluorescence is usuallsl an iﬁtéﬁeﬁng ﬁrbcess in Raman’spercltroscopy unless near-infrared
lasers are employed. " |

In general,.molecules that have polar functional groups and low symmetry are

weakly Raman active while molecules with polarizable functional groups and high
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symmetry are strongly Raman active. The Raman effect is an emission phenomenon and

not limited by the laws of absorbtién. The intensity of the éignal pfoduced is a linear
function of the contribution of the Raman scattering center and the intensity of the
incident light source. Raman scattering intensity varies as a function 1/A* where A is the
incident wavelength.

Raman spectra are acquired by using a powerful laser to irradiate a sample and the
scattered radiation is measured at some angle with a spectrometer. The intensities of the
Réman lines are very weak compared to the intensity of the source (usually 0.001%);
therefore, detection can be’ difficult. Monochromatic incident light can induce an
oscillating dipole, g, in certain molecules and emit radiation at the frequency of the
dipole oscillation (v) as given by:

u(t) = u° cos(2nv t) (1.32)

where £41) is the magnitude of the dipele moment at time, ¢, and 4 is the maximum
induced dipole moment which can be approximated by:

u(t) = aE, (1) (1.33)
where o is the polarizability of the molecule with units of C* m* J™! which is a measure of
the degree with which an electric field of incident light (E;) can distort mqlecular
orbitals. The induced dipole may be cémpromised of a variety of harmonic frequencies.
The scattered radiation, which is at the same frequency as the incident radiation, is
Rayleigh scattering (vse = Vin). IAdditional components, which are not at the same
frequency as that of the incident radiation give rise to Raman scattering as two types:

Stokes scattering and anti-Stokes scattering.
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" .. The vibrational énergy. levels (Eyip) termed the R'aiman'._effe'ct can be defined as: -

Se=vos B 34y
T he . L E

- where vsis the frequency of Raman scattered fadiation, Vois the frequency of the
excitation liné, h is Plank’s constant, and ¢ is the speecAl'of light. The Raman -effect

produces two sets of lines one for Stokes given by:-

pe = vo — Lus (1.35)
- he .

and anti-Stokes lines given by:

- - AE i ‘ )
Vs = Vo +—2& (1.36)
, he '
- The abundance of the anti-Stokes liries is a function on how many molecules are in the

first vibration state compared to the ground state. The ratio is given by a Boltzmann

distribution:

Dl exp Afzj"b (1.37)

v=0

where AEvib is -the vibrational transition energy in joﬁIes per molecule, & is the
Bbltﬂzmann’S constant, and T is temperature in Kelvin. Rayleigh scatter is more ‘intense
fhan thé Stqkeé and anti—.S"tokes‘ scatteriné._ |
A typical Raman spectrum of garbori tetrachloride (CCLy) demonstréting the three
‘types of scatter‘ir;g is shown':in‘ Figure 1.16.  The 'abscisse‘l in Figure 1.16 is the
, 'wavenumber sﬁiﬁ, which is defined as the (differ_encv:e, in wavenumbefs (cm”) betweeﬁ the
o ;SbserQed radiation anci tﬂe incident radiation of i:he source. The Raman peaks found are
pn)eith:er Side':e,xhibitirig:identipgl Acm™ ;yifhithé'Stolclgs lines found at’ wavenumbers
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Figure 1.16. A Raman spectrum of CCly.

Source: Skoog, D.A.; Holler, F.A.; Nieman, T.A Principles of Instrumental Analysis,
Harcourt Brace & Company, Orlando, Fla, p.430, 5™ Edition.




smaller than the Rayleigh peak and anti-Stokes lines found at wavenumbers greater than
the Rayleigh peak. However,'anti-S'tokes iines are lé:ss infensg than Stokes lines and thus,
the Stokes portion of the spectrum is genefally reported.l It is important to note that the
magnitudes of Raman shifts are independent of the wavelength of excitation. Thus, the
same spectral bands would be obtained for CCls no matter what the excitation wavelength
used.

Spectral excitation is normally done by radiation having a wavelength that is
away from any adsorption peaks of the analyte. An energy diagram is shown in Figure
1.17 showing a picture of the sources of Raman and Rayleigh scatter. The far left vertical
arrow indicates the energy change in the molecule when it interacts with a photon from
the excitation source. The energy change is equal to the energy of the incident photon Av.

The second arrow indicates the type of change that would be associated with the
molecule if it encountered a photon that happened to be in the first vibrational level of the
electronic state. The probability of the fraction of the molecules to be in this sate is small

.as indicated by narrowness of the arréw in the diagram. The middle set of arrows
indicates the change in energy that produces Rayleigh scatter. It is important to note that
no energy is lost in Rayleigh scattering; hence, the collisions between the photon and the
molecule are termed elastic collisions. The arrows to the left indicate the Stokes and anti-
Stokes emission. The two emissions differ from the Rayleigh radiation by the
frequencies corresponding to +/- AE, the energy of the first vibrational level of the
ground state. The relative populations of the two upper energy states are fhat the Stokes

emission is more favorable than the anti-Stokes emission.
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Figure 1.17. Energy diagram for Raman and Rayleigh scatter.

* Source: Skoog, D.A.; Holler, F.A.; Nieman, T.A Principles of Instrumental Analysis,
Harcourt Brace & Company, Orlando, Fla, p.431, 5™ Edition.
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Applications

Raman scattering spectroscopy is a powerful tool in structural elucidation.
Raman spectra have very sharp spectral features offering the potential for spectral
selectivity for complex mixtures. Coupling of Raman to specialized forms of CE can
allow for the identification of analytes. There have been some reports of Raman
scattering coupled to specialized forms of CE [67-72]. Unfortunately, Raman scattering
has a low sensitivity, which has hindered its acceptance as a routine detection method for
CE. Even though Raman scattering has inhefently low cross-sections, phenomena such
as resonance Raman scattering (RRS) and surface enhanced Raman scattering (SERS)
greatly enhance observed Raman signals. The sensitivity issue can be overcome by using

one of these other forms of Raman spectroscopy (see discussions below).

Resonance Raman Spectroscopy

Resonance Raman scattering (RRS) occurs when the Raman line intensities are
enhanced by the excitation of wavelengths that closely approach that of an electronic
absorption peak of an analyte. The excited electronic state of the molecule contributes to
the virtual state, which enhances the probability that the transition will result in Raman
scatter. The magnitudes of the Raman peaks associated with the most symmetric
vibrations are enhanced by a fac.tor of 10* to 106. RRS 1s much more sensitive than
Raman spectroscopy offering‘ detedtidn at concentrations as low 10”7 M compared to 0.1
M with Raman spectroscopy.

For RRS to occur, the electron is promoted into an excited state followed by an

/

immediate relaxation to a vibrational level of the electronic ground state. RRS differs
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from that of fluorescence in that the relaxation to the ground state is not preceded by prior
relaxation to the lowest vibrational level of the excited state. A major limitation to RRS
is the interference of fluorescence by the ahalyte or other species present in the sample.

For a more detailed description arid theories of RRS see the literature [73-76].

Surface Enhanced Raman Scattering .
Brief Historical Perspective |

SERS is an alter’nati‘ve ngn enhancement phenomenon with greater
applicability than RRS. The first report of SERS was in 1974 by Fleischmann who
observed a strong enthancement for a pyﬁdine molecule adsorbed onto a silver electrode
[77]. Later reports of this observation be Jeanmaire and Van Duyne [78] and then
Albrecht and Creigilfon [79] speculated that this enhancement was due to complex
surface enhancement processes. There have been many reports of SERS in the literature
following these observations [80-84]. In fapt, today there are reports of even single

molecule detection work with SERS [85, 86].

Theory of SERS

SERS produces Raman signals from molecules adsorbed on or very near to metal
surfaces. A fully vacce.pt'ed theory on the basis of SERS has not yet been reported.
However, two irﬁportant models as part of the overall theory have been proposed,
electromagnetic and chemical mbciels. ‘Controversies still exist over the relative

contributions of these effects and the details of their description. A full discussion of
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these models is beyond the scope of this work; however a brief explanation is warranted.
For a full explanation, many detailed reviews can be found in the literature [83, 87-90].
To help understand the basis of the proposed models for the SERS effect, recall

the relationship:

p=aE, (133)
where u is the electric dipole and it is proportional to the polarizability of the molecule,
o, and the magnitude of the incident electric field, E;,. Therefore, if either « or E;, are
increased, then the Raman scg‘;tering iﬁteﬁsity 1s enhanced. The electromagnetic model
has been proposed to-account fof the increase in E;,. On the other hand, the chemical
mo‘del has been proposed to account for the increase in «. At this point in time, the

chemical model is the least understood of the two models.

Electromagnetic Model

Molecules on or near metal surfaces will experience enhanced electric fields with
respect to the incident light. Enhancerﬁents of 10° to 107 have been reported for
roughened metallip surfaces. This enhancement can be attributed to surface plasmons
'[91]. When an incident field irradiates a metallic surface, conduction electrons are
displaced into an oscillation of equal frequency to the incident light. Once these
electrons become confined about a region in space, normally around metallic spheres or
roughened metallic ‘surface, a plasmon frequency is produced. With the plasmon
frequency, there is a resonant response of the collective oscillation to the initial field
producing intense electric fields localized around a molecule near the metal surface.

Important to note is that Raman scatter from an adsorbed molecule can stimulate surface
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plasmons in the metailic substrate, called the image effect, which can provide an
additional enhancement [82]. Other enhancement effects include the Fresnel reflection
effect and the “lightning rod” effect. The Fresnel effect arises from the oscillatiﬁg dipole
of vibrating molecule interacting with surface electrons to produce Raman shifted
reflection of light [82]. The “lightning rod” effect occurs when electric field lines are
concentrated to provide field enhancements at high curvature points of a metallic feature.

It is also important to note that the enhanced field decreases with the cube of the
distance, », from the center of the metallic surface. In addition, the intensity of the
Raman scatter produced increases with the square of the field applied to the molecule,
E;. To maximize the electromagnetic field, the surface plasmon effect must first be
optimized. Various parameters are adjusted, to match the plasmon frequency to the
frequency of the intended excitation source, which include the metal used, and the size
and shape of the metallic surface. The best metals tb be used for SERS in the visible
region are silver, gold, and copper with silver providing the best enhancement. Other
metals have been investigated and are repoﬁed in the literature [90, 92]. The overall size
of the metallic surface has been shown to be a very important factor in the plasmon
frequency. For simplicity, a spherical shape is considered. For silver spheres, a
maxunum enhancement of 10° would occur for a 5 nm radius particle with 382 nm
excitation [93]. With increasing particlev size, the ﬁlasmon frequency bandwidth

increases and the enhancement decreases.
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Chemical Model

| The chemical effect ié more specific than the electromagnetic effect and is less
understood. The basis of the chemical effect seems to be from the.overlap of metal and
adsorbate electronic wavefunction. ‘The oyerlap promotes light-induced charger transfer
processes that increase the apparenf. ;/aiue of th;a molecule polarizability and the intensity
of the Raman scattering [90, 92]. This effect seems to be a much shorter effect than the
electromagnetic effect occurring frbﬁ 0.1 to 0.5 nm. The overall chemical effect is
dependent on the atomic-scale fqatuies :of the metal}ic }s.urface, the geometry of the
bonding bétween the analyte and the metallic surfaée, aﬁd the'ejriergy levels of the analyte
adsorbed onto the metallic surféce. The overall extent of thé chemical effect varies for a -
range of analytes, but it is qﬁite specific for adsorbate-surface systerﬁs producing
enhancements from 10 to 1000 [94]. Chemical effects are still considered minor
contributors to the overall enhalncement seen with SERS. At this time there are two
proposea models, the charge transfer model and the adatom model.

The charge transfer model proposes that stimulation by an incident photon causes
an electron from thé metél su;fa_ce to move into a charge-transfer excited state of the
adsorbed analyte. This pfoces‘s results in an ionized molecule with geometry different
than the initial geometry of the neutral molecule, thus a change in the polarizability of the
molecule. Next, the molecqle relaxes with the return of the electron to the metal surface.
It is this relaxation that produces a vibrationally excited neutral adsorbed molecule which
emits a Raman shifted photon.

With the adatom model, there are interactions between the adsorbed molecules
and the atomic scale specific active sites in the metallic surface. When the charge
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transfer process occurs, there can be additional chemical enhancement from very specific
molecules [92]. It is hypothesized that the enhanced Raman scattering could be attributed
to the additional momentum available for scattering of the electron-hole pairs at atomic
scale roughness or by relaxation of the momentum by the presence of the adatom site that

the adsorbed molecule is bound.

Instrumentation

The instrumentation required for Raman and SERS include three basic
components (1) a monochromatic excitation source, (2) a high-resolution dispersive
element, such as a monochromator or a ploychromator, and (3) an appropriate detector.
The most common and versatile excitation sources used today for Raman scattering are
lasers because of the high power output provided which is needed to produce Raman
scattering of sufficient intensity to be measured. Most sources are continuous wave (cw)
létser, but a few pulsed lasers have been used. The most common lasers used are the
argon ion (Ar’ at 488nm or 514.5nm), krypton ion (Kr" at 647.1 nm) and the helium-neon
(HeNe at 632.8nm). However, near-infrared lasers such as a diode laser or the Nd—dopéd
yttrium-aluminum-gamet (Nd/YAG) ‘laSer are used because the.y can be operated at
higher powers and are not energetic enough to populate a significant number of
fluorescence-producing excited electronic  energy ‘states in most molecules.
Consequently, fluorescence is less problematic with these lasers as excitation sources.

The problems associated in fhe detection of a Raman signal are how to measure
such a weak signal in the presence of the intense excitation source, how to effectively
remove interference from the dominant signal, and if possible how to enhance the weaker
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signal. Early instruments were based on a triple monochrdméfor, v&xich made these
instruments complex and limited the opfical throughput of the instrument (usually down
to 5% or less overall efficiency. A variant to the triple moﬁochromator design was the
use of a double monochromator With a fixed grating spectrograph. A schematic of a
single-channél instrument caﬁ be seeﬁ in Figure 1.18. With the advent of holographic‘
notch ﬁlte;s theT monochromator design was simplified. In fact, the need for the pre-
monochromators for Rayleigh rejection was eliminated which significantly reducing the
size of the instrumentation. This allowed for the use of array detectors.

Early instruments almoéf exclusively used a PMT as the detection source. PMTs
are generally used in the ultraviolet and \./isible regions from about 400 nm to 800 nm;

however, extended wavelength tubes can be used which allow for detection beyond 900

nm. A major improvement in Raman performance from dispersive instruments has been

the use of multichannel detectors such as diode arrays and charge couple devices (CCDs).
These multichannel detector based instruments exploit the multiple)g ad\}antage. Another
advantage of using an array detector is that the grating can remain static, which
eliminates the need for movjng parts within the spectrograph resulting a very stable and
reproducible optical setup. An important factor with an array detector based system is
that there is a fixed spectral range and resolution, which is limited by the: grating, the slit,
and the arréy size of the detector.

A typical Raman dispersing spectrometer with a CCD detector an Ar" laser as the
source is shown in Figure 1.19. The laser beam is directed and sent to a microscope
probe where the laser beam is focused onto the sample. The emission is collected and
sent to a slit of monochromator where it passes through a filter that rejects the Rayleigh
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Figure 1.19 Multichannel Raman instrument.

Source: Skoog, D.A.; Holler, F.A.; Nieman, T.A Principles of Instrumental 1‘4nalysis,
Harcourt Brace & Company, Orlando, Fla, p.440, 5" Edition.
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scatter. Then a diffraction grating is used to disperse the radiation and reflect it upon a
CCD. The ruling density or the number of grooves per mm defines the dispersion by the
grating. The greater the number of grooves per mm, the greater the resolution, but the
narrower the spectral range covered by the grating. Typically, gratings between 1000 and
2000 groves/mm are used. Sometimes more than one grating is on a rotatable turret,
which allows for easy changiné of the grating in the instrument.

A CCD is a metal-insulator semiconductor that can store charge in localized
poten;[ial wells. A CCD array can be related to picturing the potential wells as a row of
buckets (pixels) filled with charge. To obtain readout from a CCD array, the charge is
transferred from the end pixel (bucket) to the readout electronics. The pixel that is
adjacent to the end pixel the;n transfers its data to the énd pixel that in turn transfers it to
the readout electronics. Tﬁe tra;léfei of charge continues sequential from pixel to pixel
until all pixels have been transferred to the eiectfonic readout. There are two main
disadvantages in using CCDs. One is the limitation to sequential readout of the pixels,
which causes these arrays to be slower than the photodiode array (PDA) detectors (see
discussion below). A second limitation is the affect of blooming. Blooming occurs when
a charge overfills a pixel and spills into the adjacent pixel.

Dispersive instruments may also use a PDA detector for acquiring spectra. A
PDA is simple and consists of an array of photodetectors. A PDA is operated either by
responding to light and generating an electrical current proportional to the number of
photons that strike the surface termed, photovoltaically or its electrical resistance is

reduced proportionally to the number of photons that strike its surface, termed
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photoconductor. A PDA is norrnally used with an image intensifier to increase the weak
Raman signal.

There are important parameters to inves'tigaté in the detector used in Raman
spectroscopy. First, the detéctor noise z;nd dark current are important. Second, are the
detector range and the response pfoﬁle. Selection of the appropriate detector can depend
on the complexity of the optics used té collect the light, the speed of detection, and the
sensitivity required. For instance; a PDA requires optics that allows the appropriate
portion of radiation to strike only the desired photodetector. With a CCD this is less
problematic because of the larger are available to direct the signal. In terms of speed of
light detection, a CCD is the slowest and the PDA has the potential to be the fastest. A
PDA 1s generally more sensitive than a CCD becausg of the associated charge-transfer
efficiency. The efficiencies are high, but are still. less than 1, which makes CCD less

sensitive than a PDA.

STATEMENT OF PROBLEM

Even though CE offers many advantages such as speed, efficiency, and small
sample requirements outlined earlier in Chapter 1, CE still suffers from some inherent'
problems due to injection, separation, and detection. Due to the fact that CE is relatively
young in age compared to competing techniques such as LC, there is still a lack of
understanding regarding the fundamental processes of -CE.  Although significant
advances in detection methods for CE have been repofted, a need for further
advancement and improvement is warranted. The purpose of the research presented is to
utilize the advantages of CE while improving, reﬁniﬁg, and developing detection
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methodologies for CE. The work presented herein entails the development of a post-
column derivatization technique for fhe study of DNA-protein interactions, the

improvement in the design of SFCs, and the first ever coupling of SERS detection with

CE.

67



CHAPTER 2

EVALUATION OF A SHEATH FLOW CUVETTE
FOR POST-COLUMN FLUORESCENCE DERIVATIZATION
. OF DNA FRAGMENTS SEPARATED
BY CAPILLARY ELECTROPHORESIS

INTRODUCTION

Analytical methods centered on studying large, complex biomolecules have
shown success in physical and life scignéés. The study of these complex molecules is
demonstrated in sucﬁ fields as chemistry, biocﬁemistry, biology, and others. CE has had
success for tﬁe analysis of DNA. In fact, CE is rapidly becoming a routine instrumental
technique in many laboratories replacing traditional techniques such as slab-gel
electrophoresis for DNA analysis [95-98]. As techniques have improved for prepaﬁng
capillaries containing size sieving media, the emergence of CE as a powerful new
separation tool for DNA analysis has turned into reality [25, 98, 99].

Analytical methods for other biomolecules such as proteins are just as prevalent.
Size separations of proteins by CE with gel filled capillaries were first demonstrated by
Hjerten [34]. The implementation of CE for protein-digestion, peptide derivatization
[100, 101], and peptide mapping [102, 103] has been investigated. The success CE has
shown in the study of DNA and proteins makes it suitable for the study of DNA-protein
interactions.

The study of DNA-protein interactions is an active area of biochemical research.
Jacob and Monod first proposed the model of genetic regulation for protein synthesis by

DNA-binding repressor proteins in 1961 [104]. Research has shown that genetic
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regulation arises as the consequence of DNA-binding repressors and activators. To gain
an understanding of genetic regulation at the molecular level, it is imperative to study the
interaction between nucleic acids and regulatory proteins. In fact, with the very recent
sequencing of the human genome makes this study of DNA-protein interactions a
significant contribution. The binding of a given protein to a very specific binding site on
a DNA molecule results in the activation or repression of genetic signals and
consequences. The.method of choice for the study of DNA-protein interaction is the gel
retardation assay or more specifically the electrophoretic mobility shift assay (EMSA)
[105, 106]. EMSA is used for ;1 wide variety of applications in nucleic acid research
[105-111].

The general mechanism of EMSA is based on that of a gel retardation scheme. A
sblution comprising of a mixture of DNA-protein complexes and unbound protein is
loaded into the gel. Subsequently, free DNA will introduce into the gel as a discrete band
when placed under electrophoresis. This occurs because the mobility of the DNA-protein
complex can differ from that of the free DNA. The proteins that are DNA-bound are
electrophoretically rétarded with respect to that of the unbound DNA. The free DNA is
generally unaffected by dissoqiétion/association processes; hence, the assay procedure
can provide an accurate_yalﬁe for the qﬁél}tity of uncomplexed DNA. Since the
concentration of input DN‘AIand uncomplexed DNA is; known, the amount of DNA that
exists in the complexed form can be determinéd.

EMSA does suffer from some limitations such as long analysis time, inaccurate
quantitation, and trouble with determining dissociation constants [112]. CE is well
established as a replacement for the traditional EMSA method. CE offers the advantages
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over traditional slab-gel and gel chrbmatography techniques as previously discussed in
Chapter 1. The current method is termed capill@ electrophc;retic fnoﬁility shift assay
(CEMSA). CEMSA will combine the advantages of both EMSA and CE while
minimizing the limitations suffered in EMSA. CEMSA has been developed in regards to
both a quantitative and qualitative aspect of the technique.

The development of CEMSA was characterized with a well know system, the
interaction between the #p repressor (protein) of Escherichia coli (E. coli) and the trp
operator (DNA) by Stebbins et al. [113j./,,'The trp TEPressor protgin is known to control
transcription in the trp, arch, and trpR operons [114]. The transcription process is when
enzymes synthésize an RNA copy of one strand of a DNA sequence. Consequently, the
RNA then controls the synthfesis of a cell’s proteins, termed translation. An operon can
be defined as a cluster‘ of éenes, an operator, and its structural genes. An operon’s

transcription is blocked by the repressor proteins and initiated by stimulatory proteins.

Consequently, the binding of the repressor to the operator inhibits transcription of

_ structural genes from occurring.

This resultant competition between the repressor and the RNA for binding sites in
the promoter/operator region is termed rei)ression. The DNA binding in the 'trp
reﬁressor/trp operator system is an allosteric controlled process. The trp repressor
regulates the production of L-tryi;tophanh in E. coli and is completed by a negative
feedback loop [115]. If the concentration of L-tryptophan is low, the trp repressor is
inactive and the #7p operon is expressed wﬁich results in the synthesis of L-tryptophan.
This process is due to the fact that the inactive repressor is not able to bind with the

operon due to steric hindrance. This is depicted in Figure 2.1 (A). However, at high
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Figure 2.1. The interaction between the t7p repressor and the #7p operator. (A) the
inactive repressor cannot bind to the operator with high affinity, (B) the binding of L-
tryptophan creates a conformational change in the repressor (protein) that changes the
orientation of the repressor, which allows the active repressor to bind into two successive
major grooves of the operator DNA.
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concentrations of L-tryptophan the active repressor is formed. Concurrently, the operator
is bound which inhibits transcription activation in the frp operon and represses the
synthesis of L-tryptophan. Consequently, the binding of the L-tryptophan forces a
conformational change in the #rp repressor that changes the conformation of the
recognition helices allowing a fit into the two successive grooves of the operator DNA.
This is shown in Figure 2.1 (B) [115].

The investigation of DNA-protein interactions by CE with LIF detection was
performed by Stebbins et al.[113]. The speciﬁc interaction between the ¢rp repressor and
the #rp operator was used to evaluate CEMSA. In CEMSA and in traditional assays, the
mobility of a DNA-protein complex differs from the mobility of the free DNA. Many
studies were done to characterize and develop CEMSA as a tool for the study of DNA-
protein interactions [113]. Running buffer conditions in terms of pH and composition
were evaluated in order to optimize complex formation and resolution of free DNA from
the complex. Quantitative studies were done to show the reaction of the repressor with
operator resulting in a decrease of the operator signal and an increase in the repressor-
operator peak. Nonspecific interactions between the operator and complex protein that
demonstrate the specificity of the operator for the repressor were shown. Studies
demonstrated that this specificity of the operator for the repressor could be employed to
_separate the repressor from a complex sarﬁple, which contains a non-specific protein.
The above studies were implemented to show CEMSA’s ability to selectively distinguish
between bioaffinity specific and nonspecific interactions. In addition, experiments done
to characterize CEMSA for the study of DNA-protein interactions included experimental

evidence of trpR:DNA complex, the dependence of complex formation on L-tryptophan,
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the effect of buffer composition (methyl cellulose) on the efficiency and resolution of the
separation, the effect of concentration of trpR on the free DNA and the complex, and the
effect of non-DNA binding proteins on the selectivity of the repressor/operator
interaction. |

However, improvemerﬁs in the technique é.re warranted which would allow for
the determination of a range of parameters impoﬁaﬁt 'Ato DNA-protein interactions.
Efficient lébeling of the DNA ‘would allow for an incrg’ase in the number of DNA
molecules that could be detected; hence, lpwe'r concentrations of analyte can be used. In
order to use lower concentrations, an improvement in the overall detectability of the
previously used fluorescence detection system is needed. Alternative systems can be
implemented such as lens-based collectionvof fluorescence, spatial rejection of specular
scatter, and' the use of extended light?-path capillaries to improve the detectability.
However, for the ultiﬁate in detection éapabilities the use of SFCs is warranted.

Detection schemes in CE are usually performed on-column wilere the deteétion
zone is limited to the crossnsection over a short segment (< 1 mm) of the capillary (see
Chapter 1 for a more detailed discussion). When couplé(i with the sheath flow cell, laser
induced fluorescence (LIF) detection has achieved ultra-sensitive limits of detection
[116-119]. However, since most anal_y‘;es separated by CE are not natively fluorescent,
chemical derivatization is employed to extend the use of LIF to non—ﬁuorescent analytes
. through the use of fluorescent tags. Techniques exist for pre-column, on-column, and
post-column derivatization of many classes of non-fluorescent analytes as alluded to in
Chapter 1. The discussion below applies each of the three different derivatization
techniques for the DNA-protein analysis.
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Pre-column derivatiza;tion is pérformed prior to sample injection and separation.
In the investigation of DNA-protein intefactions, DNA fragments must first be tagged
with a fluorogenic reagent before analysis can be performed. Most commonly a
fluorescein compound is covalently bonded to the DNA fragments. However, this
technique has the shortcomings of poor labeling efficiency and multiple labeling of
analytes, making the acquisition of any quantitative infoﬁnation difficult.

Another derivat.ization procedure that has been performed with CE is on—éolumn
derivatization where the capillaq igvi‘ﬁrs/t f':llled with the fluorogenic reagent prior to
sample injection. After sarﬂple inj e;:tioh, ‘the ﬂourogehic reagent and the analyte reach an
equilibrium state as the analyte migraf;s thr‘ough the column; however, analytes can still
be multipled labeled. The adverse effects of multiple labeling can be mitigated by the
fact that this labeling method is dynamic (i.e., covalent attachment of the label to the
analyte is not involved). In terms of DNA-protein interactions, on-column derivatizing
agents can bind with the DNA fragment, which contains the specific binding region for
the protein; thereby, hindering the interaction of the protein with that particular DNA
fragment.

With the aforementioned difficulties in pre-column and on-column derivatization
techniques for the study of DNA-protein interactions, investigation of post-column
derivatization techniques is warranted. Several reactor designs have been demonstrated
for post-column derivatization work; [53, 59-61] however, it has been determined that the
sheath flow design results in minimal band dispersion and ‘superior detection capabilities

in the chemiluminescence detection of iso-luminol thiocarbamyl-amino acids [62].
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The investigation and evaluation of the SFC as a reaction chamber to post-column

fluorescently derivatize DNA fragments separated by CE is described herein’. Use of the
SFC arrangement facilitates the mixing of ’ the intercalating dye, ethidium bromide (EB),
and the effluent from the separation capillary by diffusion without a high degree of band
dispersion. Theoretical plate counts of > 1 x 10° are reported with the post-column
derivatization technique and resolution of all of the fragments in a ¢px-174-Healll digest
is achieved. Optimization of experimental parameters such as flow rate, position of the
detection zone, and EB concentration are examined. Analytical figures of merit such as
limit of detection (LOD) and linear dynamic range (LDR) is reported for a sample of ¢x-
174-Healll digest. Evaluation of post-column derivatization for the investigation of
DNA-protein interactions is demonstrated. The integrity of a DNA- #rp-repressor protein
interaction is maintained with the post-column approach, but comprised when EB is
added to the running buffer. This arrangement is evaluated for the study of DNA-protein

interactions where other derivatization techniques are unsuitable.

EXPERIMENTAL
Materials

Tris(hydroxymethyl)aminomethane, boric acid, ethylenediamine tetracetic acid
(EDTA), methyl cellulose (MC) polymer (M; 100000; 4000 M; for 2% w/v), ethidium
bromide (EB), and L-tryptophan were obtained from Sigma (St. Louis, MO, USA) and
were used to prepare running buffers. Samples of ¢x-174 -HeallI digests (480 pg/mL)
were purchased from Sigma. Acrylamide, y-methacryloxypropyltrimethoxysilane (y-

MTMS), N,N,N’,N’-tetramethylethylenediamine (TEMED) and ammonium persulfate
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(AP) were obtained from Sigma and used to prepare column coatings. Samples used for
the DNA-protein binding study (¢7p repressor and pBKH26 digest) were generous gifts of
B.K. Hurlburt (University of Arkansas for Medical Sciences, Little Rock, AR, USA).
Fused-silica capillaries (50 pm id. x 365 pm o.d.) were purchased from Polymicro

Technologies (Phoenix, AZ, ’USA).

Column Preparation

The fused-silica capillaries were cut to a total length of 40 cm. The outlet end of
the capillary was tapered down with a lathe to an approximate o.d. of 150 pm to help
minimize the formation of eddy currents. Columns were coated with linear
polyacrylamide using a modified version of Hjerten’s method [35, 120]. The columns
were rinsed with 0.1 M NaOH for 1 hour, rinsed with deionized water for 10 minutes,
rinsed with 0.1 M HCI for 1 hour, and then rinsed again with deionized water for 10
minutes. An acidic solution of y-MTMS was prepared by the mixing 20 mL water with
50 pL 6 M acetic acid and 80 pL of y-MTMS and was then flushed through the column
for 18-hours followed by water for 10 minutes. A 4.0% solution (0.40 g) of acrylamide
was prepared in 9 mL of phosphate buffer (9 mL water + 0.087 g K,HPO,) along with a
solution of 0.15 g AP in 10 mL of water and was allowed to degass by bubbling helium
for 30 minutes. Polymerization reaction was started by adding 1 mL of AP with 7.5 pL.
of TEMED to the acrylamide solution followed by subsequent introduction of the
solution into the capillary t.o allow for in-situ polymerization for approximately 12 hours.

The column coating reaction is shown in Figure 2.2. The capillary was then flushed with
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10 mM H;3PO4 to remove any excess polyacrylamide. Columns were stored under 10

mM H;PO,.

Running Buffer and Sample Preparation

Stock solutions of tris-borate EDTA.(T]‘.%E) were prepared by weighing out an
appropriate amount of solid and diluting with deionized Water to ﬁnél concentrations of
0.45 M Trs, 0.45 M boric acid, aﬁd 0.01 M EDTA. A 10-fold dilution of the stock
solution resulted in a running buffer containing 45 mM Tris, 45 mM boric acid, and 1
mM EDTA and referred to as 45 mM TBE. Methyl cellulose stock solutions were
prepared by weighing‘out the appropriate amount of solid MC (100,000 MW) into 80-90
°C 45 mM TBE. Once the MC was dissolved, the s>01ution was cooled on ice with
stirring until a clear viscous consistency.

The stock MC solutions were used to prepare fresh running buffers daily by
dilution with 45 mM TBE to a final concentration 0.5 % MC. LIF detection of the DNA
was accomplished by adding the appropriate amount of concentrated EB stock (1 mg
mL™") to 10 mL aliquots of MC running buffers giving final EB concentrations ranging
from 1 to 5 uM. The running buffers were then degassed under vacuum to remove any
bubbles that may have been generated.

DNA safnples of ¢x-174 -Healll digests were prepared by diluting an aliquot
from the stock with 45 mM TBE to a desired final concentration. Samples of purified trp
repressor were prepared and handled as described in Czernik et al [109]. The DNA

plasmid pBKH26 was digested with the restriction enzyme HinfI (Boehringer Mannheim,
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Indianapolis, IN; USA) and the resulting fragments were fluorescein labeled with the
FluoroAmp T4 Kinase Green Oligonucleotide Labeling System (Promega, Madison, WI,
USA) on the 5’ end and was prepared by B.K. Hurlburt (University of Arkansas for

Medical Sciences, Little Rock, AR, USA) as described [121].

Intercalation with Ethidinm Bromide

 As discussed in more detail in Chapter 1, detection schemes vary in CE. In terms
of DNA separations, the main detection v/schemes used are electrochemical, absorbance
and fluorescence. ~ Absorbance is a simpler technique but is less sensitive than
fluorescence. At very low pHs and using UV lasers, DNA will natively fluoresce.
However, for more routine aﬁalysis there is a need for some form of derivatization of the
sample. One method of detection for DNA analysis involves using LIF via the addition
of an intercalating dye into the running buffer that labels double stranded DNA
fragments.

Ethidium bromide has been used in DNA analysis [122]. The spectral properties
of EB make it a very useful intercalation dye for LIF detection of DNA by CE. When EB
intercalates into the hydrophobic interior of the double helix, the quantum yield increases
20 fold [122]. EB has maximum intercalation stoichiometry when one ethidium cation
per four base pairs (bp) [122] as shown in Figure 2.3a. After intercalation, EB has a
spectral shift shown in Figure 2.3b. A helium neon “greenie” (He-Ne, 543.5 nm) laser is
often used for DNA analysis with EB. EB offers'other advantages in the separation of
DNA fragments by CE. In fact EB can increase the resolution in CE separations [123].

Note that one ethidium will intercalate into four bp resulting in a reduction pgps of the
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labeled DNA fragments is observed. The change in the intrinsic mobility results in a
greater difference in the migration times between fragments and increases resolution (see

Equation 1.19 page 18 in Chapter 1).

Apparatus

The electrophoresis, ﬂuorgscence, and sheath flow cell apparatus was assembled
in-house. The pictorial representation of a sheath-flow cell is shown in Figure 2.4. The
sheath flow cell was made in house using epoxy to affix a 500 um i.d. x 700 pm o.d. x §
cm piece of round quartz mbing (VitfoCom Inc., Mountain Lakes, NJ, USA) into a 5 mm
x 0.030” i.d. piece of PEEK tubing which was subsequently fastened into a Swagelock
tee. The separation capillary was fastened into the Swagelock tee via a graphite ferrule
and was centered inside the sheathing capillary with the aid of a video microscope. The
sheath flow was int;oduced via a piece of 0.02” i.d. PEEK tubing fastened into the side
port of the Swagelock tee. The inlet end of the PEEK tubing was placed in a reservoir of
the sheathing fluid at a height of 8 - 12 cm above the outlet end of the sheathing capillary.
The Swagelock tee was thén secured into a fiber optic positioner. The actual SFC
apparatus used for experim‘ents is shown in Figure 2.5.

The CE-laser fluorimetry instrumentation copsisted of a PMS Electro-Optic
helium-neon greenie laser (1.5 mW ét 543.5 nm) used as the excitation source (Edmund
Scientific, Barrington, NJ, USA). The laser beam was focused through the sheathing
capillary with a 25 mm quartz /71 lens (focused spot size estimated to be 20-30 um) and

fluorescence emission was collected at 90° to the flow cell with a 25 mm quartz f71 lens
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(Edmund Scientific, Barrington, NJ, USA). The fluorescent image was spatially isolated
using an adjustablc;, opticé.l élit (Edmund Scientific, Barrington, NJ, USA). The isolated
' radiation was passed through a 570 nm cut-on filter and allowed to impinge on a RP-1
‘type photomultiplier tube- (Ham'amatsu Corp., Bridgewater, NJ, USA). The PMT
photocurrent was monitored by a Pacific Precision Instruments (Concord, CA, USA)
Model 126 photometer. The photometer was operated with a 0.1 s output time constant.
Electrophero grams were recbrded v;'it‘}; a program wﬁﬁen in-house using a PS/2 model 50
IBM corﬁputer equipped with 'a,quAS¢}6G data colléction board (Keithléy Metrabyte,
Taunton, MA). | |

A Hipotronics (Brewstef, NY, USA) Model 840A high-voltage power supply was
used to apply electrophoretjc fields. Injections were performed electrokinetically (for
running buffers incorporating MC) by placing the inlet af thé capillary into the sample
vial and applying ~600 V for 30 s unless otherwise notéd. Following injection, the
capillary inlet was replaced into the running buffer vial and a running pdtential of -10 kV
was applied across the 40 cm capill@.

Video images '6f EB-DNA fluorescent band profiles were recorded via a SONY
zoom CCD Color Video Camera (Edmuﬁd Scientific, Ban‘ington, NJ, USA) interfaced
with a Trinitron Color Video Monitor (Edmund Scientiﬁc;‘Barrington,‘ NJ, USA) and a
SONY VHS recorder. The correspo‘nding images of the band prqﬁles shown herein were
digitally enhanced with Corel Draw/Corel Photo-Paint using a Pentium 133 MHz PC

compatiblé computer.
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Safety Considerations
EB is a toxin, irritant, and mutagen and may cause heritable genetic damage.

Extreme care should be exercised when handling EB and EB solutions. Suitable

protective clothing, gloves, and eye protection should be worn at all times when handling

EB. Solutions of EB should be filtered by charcoal filtration or chemically deactivated
before disposal. A commercially available filter funnel kit that uses a packaged charcoal
disk can be used to filter the EB through the charcoal filter. The filtrate can go down the
drain and the charcoal filter should be. placed iﬁ a sealed bag aﬁd placed in the
biohazardous waste box for incineratio;l. EB solutions can be chemically deactivated and
neutralized by the Lunn and Sansone method [124]. The Lunn and Sansone method
entails adding 5% hypophosphorous acid, 12 mL of 0.5 M sodium nitrate, stir briefly, let
stand for 20 hours, adjust pH to 4.9 using sodium hydroxide, and disposed. Spills of EB
solutions should be wiped up using paper towels soaked in the freshly prepared
decontamination solution (an aqueous solution of sodium nitrite and hypophosphorous
acid) as described by the Lunn and Sansone method [124]. Used towels should then be

neutralized with sodium bicarbonate and can be discarded in the trash.

RESULTS AND DISCUSSION
Characterization

In an attempt to characterize the ﬂ<’)w cell, studies on the effects of flow rate,
detector position, and concentration of EB were performed. Figure 2.6 depicts the effect

of the separation flow velocity ‘(efﬂuent) on signal intensity (Iy.x) versus position of the
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Figure 2.6. Effect of separation flow velocity on signal intensity versus position.
Detector position in um down from outlet end of separation capillary and performed via
continuous injection of ¢x-174 Haelll digest in 45 mM TBE with a sheathing fluid of 2.5

uM EB. Flow velocities were determined to be matched at 10 kV.
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separation flow velocity was varied by adjusting the applied voltage. As DNA is
continuously exiting the capillary due to electrophoretic migration, it is entrained in the
sheathing fluid and travels down the sheathing capillary. Concurrently, the EB diffuses
into the DNA flow stream. The diffusion of the high molecular weight DNA is expected
to be very slow. At some point in time the EB will completely diffuse into the DNA
stream and signals should reach a maximum. This is seen in Figure 2.6. The faster the
geparation flow velocity (in this case the higher the applied voltage) the further down the
sheathing capillary this would be expected to occur; again as seen in the figure. The
slight decrease in signal at large distances from the separation capillary may be due to
diffusion of DNA out of the optical imaging field or simply misalignment. At relatively
low and high flow rates the DNA stream may be expected to hydrodynamically constrict
and expand, respectively. Constriction may increase the effective DNA concentration in
the focused laser beam bu'; will decrease the effective pathlength. Expansion should have
the opposite effect. Since the éxpansion (high voltage) case has the greater signal in
Figure 2.6, the pathlength effect seemsl to dominate. In reality, the flow patterns are
somewhat more complicated, particularly very near the separation capillary (see below).
Figure 2.7 shows video images of baﬁd profiles at 3 arbitrary positions (adj acent
to separation capillary, 210 pum, and 1200 pm) at each of the flow velocities investigated.
The i.d. of the separation capillary (50 um) is drawn to scale, but the three detector
positions are not drawn to scale. The focused laser beam is estimated to have a spot size
of approximately 50 pum through the center of the flow cell. The 'ﬂuorescent images are
shown in dark black and the laser scatter off of the flow cell are shown in gray. Figure

2.7b reveals the band profiles when the flow velocities are matched (10 kV) between the
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Figure 2.7. Video images of DNA-EB fluorescence band profiles at three separation
flow velocities at three different focused laser beam positions (in pum from outlet end of
separation capillary) down the sheath flow cell. The adjacent images are estimated to be

10-20 um from the separation capillary. There is no significance to the vertical spacing
of these images.
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separation and sheathing ﬂuids (notice that the image of the focused laser beam remains
approximately constant). In each flow velocity investigated, there is evidence of eddy
currents around the outside of the capillary tip by the image being slanted (adjacent
images) which indicates that the EB has not yet diffused into the efﬂuent channel. This
occurs despite the very low Reynolds number for this system. The slower flow rates (5
and 10 kV) at 210 pm show thalt the EB has almost completely diffused into the effluent
channel. On the other hand, Figure 2.7¢c shows the opposite effect when the effluent flow
is faster (15 kV) than the sheathing flow. .In this case the EB has not completely diffused
into the effluent channel by the 210 um position (distinguished by the separation of the
fluorescent dots in the image). This separation of the fluorescent dots also indicates that
the migration of positively charged EB into the outlet (negative polarity at the inlet) of
the separation capillary is not appreciable. Figures 2.7a and 2.7¢ (1200 pm image) show
the hydrodynamic constriétion and expansion, respectively, that occurs due to the
mismatched flow rates (slower in the 5 KV case and faster in thé 15 kV case). The effects
pf the eddy currents on sighal and separation performance were not directly studied.
Future work will include tapering the separatibri capillary to a thinner wall thickness with
the goal éf reducing these eddy c;urrents.

Next the effects of EB concentration in the sheathing fluid on Im.x were evaluated.
The experiment was carried oﬁt at the potential of 15 kV with an EB concentration of 1.0
uM, 2.5 uM, and 5.0 pM which all gave different Iax at 410 pm, 310 um, and 110 pm
respectively. This demonstrates the effect of concentration on the diffusional ﬁass

transport of the EB into the effluent channel. As expected, the lower concentrations of
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EB (1.0 and 2.5 pM) require more time to achieve DNA-EB equilibrium; thus, I

occurs further down the sheathing capillary.

Evaluation of Post-Column Derivatization

As with any post-column derivatization detector, resolution and efficiency are
governing factors in determining the suitability of the approach. Figure 2.8b is an
electropherogram of ¢x-174 HaeIII digest with complete resolution of all 11 fragments
obtained using the shéath flow cell and post-column derivatization. A resolution of 2.4
for the.271/281 bp fragments and an efficiency of 2.2 x 10° plates/meter based on the 603
bp fragment are demonstrated which compares well to the on-column detection of ¢x-174
Haelll (Figure '2.8a) with a resolution of 2.8 for 271/281 bp fragments and efficiency of
2.4 x 10° plates/meter based on the 603 Bp fragment. Figure 2.8b was obtained with the
focused laser beam within 50 urh of the separation capillary. At a position of 250 um
from the outlet of the separation capillary the efficiency of the separation degrades to 2.1
x 10° plates/meter and the resolgtion decreases to 0.8 for 271/281 bp fragments (not
shown). Comparing figures 2.8a and 2.8b, the minimal loss of efficiency between on-
column and post-column derivatization is approximately 10% with a decrease in
resolution of the 271/281 bp fragments of 15%. Some of the difference in resolution may
be due to the effect of the EB on the separation [125]. This effectively demonstrates the
suitability of this post-column derivatization approach for the detection of DNA
fragments. However, modification, such as more effective tapering of the separation
capillary, is needed to allow greater freedom in positioning the detection zone without

excessive band dispersion. To determine a limit of detection (LOD) for ¢x-174 Haelll, a
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minutes

Figure 2.8. On-column versus post-column separation. a) On-column detection of 20
ug/mL of $x-174 Haelll digest. Running buffer used was 0.5% MC in 45 mM TBE with
2.5 uM EB. b) Post-column derivatization detection of ¢x-174 Haelll digest adjacent to
separation capillary. Running buffer consisted of 0.5% MC in 45 mM TBE with a
sheathing fluid of 2.5 uM EB. Fragment sizes in order of elution are 72, 118, 194, 234,
271, 281, 310, 603, 872, 1078, and 1353 base pairs. '
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continuous injection was performed and an LOD of 1.6 ng/mL of DNA for the raw data

and 0.71 ng/fnL with 5 point Sovitsky-Golay smooth was obtained with a linear dynamic
range (LDR) spanning 3 orders of magnitude was determined. This LOD was nearly a 5-
fold improvement over the 3.3 ng/mL for on-column detection (with EB in the running
buffer) based on the 310 bp fragment considering chromatographic dilution previously

reported by our group [126].

Investigation of DNA-Protein Interactions

Figure 2.9a demonstrates the post-column derivatization separation of the DNA
plasmid pBKH26. Important to note is the 264 bp fragment (¢rp operator), which
contains the active binding site for the ¢rp repressor protein. Upon addition of the protein
(¢rp repressor) to the sample, a significant decrease in the peak intensity of the 264 bp
fragment occurs (Figure 2.9b) due to the large binding constant between the trp repressor
and trp operator. Addition 6f EB to the running buffer prior to sample injection improves
the resolution of certain fragments (see peak(s) at about 19 minutes). However, EB will
intercalate intd the DNA fragments; consequently, interfering with the active binding site
on the 264 bp fragment and hindering specific DNA-protein interactions. This is
illustrated in Figure 2.9c. The 264 bp fragment does exhibit a slight decrease in peak
height, which can be attributed to non-specific interactions between the DNA and the
protein; however, the decrease is obviously not as significant as in Figure 2.9b. Figure
2.9 effectively demonstrates the need for the addition of EB post-column instead of on-

column in order to preserve the integrity of the DNA-protein interaction.
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Figure 2.9. Electropherograms depicting the effect of adding EB on-column compared
to post-column for the study of DNA-protein interactions. a) Free DNA. b) DNA-
protein complex. c) DNA-protein complex but with addition EB on-column (in the
running buffer). Running buffer conditions were 0.5% MC in 45 mM TBE with 0.5 mM
L-tryptophan, pH 8 with a sheathing fluid of 2.5 pM EB except in (c) as indicated.
Position of detection zone was adjacent to the separation capillary.
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CONCLUSIONS

The SFC arrangemént is readily adaptable for post-column derivatization. The
addition of EB pre-column or on-column affects the integrity of the DNA-protein
interaction. However, the SFC facilitates the ease of 'nﬁxing of EB post-colump to"
derivatize DNA fragments ‘while maintaining the " integrity of the DNA—protéin
interaction. SFCs offer senlsitive_ detection capabilitie,é that allow the use of in lower
DNA concentrations. Consequently, th will expedite the acquisition of quantitative
information regarding the DNA-protein interaction including the equilibrium dissociation
and the association rate constants. However, improvements in the sheath flow cell design

are needed. A design, which is more rugged and easier to use, is warranted.

%94



CHAPTER 3

A SHEATH FLOW CELL-BASED LASER INDUCED
FLUORESCENCE DETECTION SYSTEM WITH PRE-IMAGING
- SPATIAL FILTERING FOR REDUCED DIMENSION
SEPARATION TECHNIQUES .

'INTRODUCTION

LIF detection has been eniployedvin high sensitivify separation applications since
the late seventies [127]. This approach to':detection cqm_bines the classical advantageé of
conventional fluorescence with the added laser-based features of highA excitation beam
intensity and excellent focusing qharacteristics. These characteristics allow ultra trace
analysis of complex mixtures with‘the absolute detection limits at the attomole level
[128] and below [129]; [119]. As arésult, LIF has been éxtensively ptilized for both LC
[130-132] and CE applications [$5, 113, 125,’_133j- |

‘Two _ primary bofctlenecks are responsible for the. 4sl’ow. evolution of LIF
development for pfactical Aroqtine’ fmﬁios‘eé in é\/eryday labora'gqry seﬂiﬁés. First,
practical application of tilis t‘e‘chxii’que‘requ'ires excitation invvthiv: UV spectrum to allow
* quantitation of a reasonable x;ﬁmbér of aﬁglytes without somé form of derivatizéﬁon [50,
134-136]. With derivatization ’drawba‘ck‘s-» can occur such -as multiple labeling, ~pbor
lab'eliné efficiency (pre-column and on-;:thlmn ,deﬂVa';izgfion); band broadening, and
slow reaction kinetics (on-cc;lur‘m;‘a‘nd post-column derivatization), whicI:h was described
in more detail in Chaiater L. .Se‘concli, al kéy challenge in tﬁe d‘evelopme‘nt‘ of LIF
instrumentation suitable for routine analysis is the design of a fugged procedure'for,'.che

optical alignment of the detection flow. cell with ‘the focusing and collection optics.
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Application of this technology to ultra sen'sitiv;a analysis in a routine laboratory setting
will require instrumentation which is rugged, simple, easy to use, highly precise in terms
of inter-day performance, small size, and cost effective. Thus, improvements in a LIF
flow cell design are desirable.

A critical component in the development of LIF detection schemes is the design |
of the flow cell. In terms of detectability, the key objectives in developing a flow cell are
threefold: (1) Maximizing pathlength (signal levels increase with pathlength), (2)
efficiently coupling the laser radiation into the flow cell (without damage to the flow
cell), and (3) éfﬁciently collecting fluorescence emission while rejecting unwanted
background. In LIF detection, rejection of unwanted background can be accomplished by
spatial, spectral, or temporal means. Background can consist of the following: (1)
specular scatter off of the optical interfaces of the flow cell (spatial, spectral, and
temporal rejection possible); (2) Rayleigh scatter from the mobile phase (spectral and
temporal rejection possible); (3) Raman scatter from the mobile phase (temporal and to
some degree spectral rejection possible); and (4) flow cell impurity fluorescence. Spatial
and spectral rejection can be accomplished easily; however, tempofal rejection can be
more problematic.

Sb;cltial rejection is usually accomplished via a far-field mode of spatial filtering
(see Figure 3.1). Traditionally, an illuminated image is collected with a lens. The lens
will collect the desired fluorescence from the analyte as well as the contributions from the
four sources of background described above (specular scatter, Rayleigh scatter, Raman

scatter, and fluorescence). However, spatial rejection is most effective in minimizing the
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‘Figure 3.1. A depiction of far-field spatial imaging with a traditional LIF setup.
Components are as follows: F1 a'laser line filter, F2 bandpass filter, L1 focusing lens, I.2
collection lens, FOP fiber optic positioner, and PMT photomultiplier tube. The
corresponding illuminated image is 20 X (corresponding to a magnification of 20).
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contribution from specular scatter off of the capillary of flow cell walls. All of this will
be collected by the lens and magnified to some desired degree in the far field of the
optical system. The magnified image is then spatially isolated using a slit or other device
such as a pinhole or iris. In this case for comparison purposes, an adjustable slit will be

described.

'Taking a 50 pm i.d. x 365 pum o.d. capillary and a one inch lens with a f number

of 1 as an example, image sizes (S;) and magnification (M) can be determined from the

following equations:

-1—=i+—-1'—(3.1)
f Si So

where fis the focal length of the lens and S, is object distance (e.g. the CE capillary in the

presented example). M can be determined as follows:

S,
M=-(32
5 G2

o

Applying Equation 3.1 to the example, if the capillary is placed a focal length away (1
inch), S, would equal one then S; would be infinite meaning the image is collimated over
a infinite distance. However, if the lens is moved to a distance of two focal lengths from
the capillary, S, would equal 2f (2 inches), then S; would also equal 2f. Using Equation
3.2, the corresponding M would be equal to one. Consequently, if an M of 20X is desired
with an f71 lens, S, set to oné inch' (f), then S; would equal 20 inches. Thus, the adjustable
slit and de‘tector apparatus for spatial filtering would be placed at the distance
corresponding to S; Taking the 50 pum x 365 pm capillary case with a desired

magnification of 20X, then the size of the image of the i.d. of the capillary will be 1000
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um and 7300 pm for the o.d. of the capillary. Therefore, for effective minimization of

specular scatter a desired slit setting of less than 1000 um is needed.

Care must be done With adjustment of the slit to the appropriate size to help from
decreasing signal from the fluorescence of the analyte. Optimization of the desired slit
size is normally done to maximize the signal to background ratio (S/BKG) of the optical
system. Once this is accomplished, the far field mode of spatial imaging is complete and
‘the optical system is “aligned”. Spatial imaging can also be done as in the above but with
slits with pre-determined widths. Howe;/er, these slits suffer from a degree of freedom
offered by the adjustable slit. An iris or aperture can be used which is adjustable
allowing for convenience and increased optimization. In additioﬁ, microscope objectives
are sometimes used to collect the desired fluorescence and the image is focused through a
pinhole corresponding to the size of the fluorescent imége. The pinhole serves as a
means of spatial filtering as specular scatter will be blocked by the pinhole. Microscope
objectives are faster optics and can effeétively collect a smaller isolated image than
traditional lenses used. Traditionally, these forms of far-field spatial imaging are
employed with CE-LIF; however, they can be time consuming procedures.

Spectral rejection quite simply employs the use of filters (or other wavelength
selectors) to effectively isolate the desired radiation. Narrow band pass, wide band pass,
cut-on, and holographic notch can be useci. To hélp reduce specular scatter from and
Rayleigh scatter from the mobile phase, a holographic notch filter can be used. Notch
filters are narrow band pass filters usually 10 or 20 nm at full-width-half-maximum
(FWHM) that can effectively reduce the Rayleigh and specular scatter to very low levels.

These types of filters are limited to lasers in the visible portion of the electromagnetic
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spectrum; hence, UV lasers are particularly problematic in minimizing Rayleigh scatter.
The other types of filters méntioned are commonly used to help reduce to some degree
the effects of specular scatter, Raman scatter, and unwanted fluorescence. Obviously, the
narrower a band pass filter is at FWHM, the better the minimization of the above effects.
However, often this is not the case due to a mixture of analytes with a wide range of
~ emission wavelengths. Consequently, a narrow baﬁd pass filter is not effective in this
case because it will decrease the amount of signal collected for the mixture of analytes.
A more appropriate choice 1n this scenario is a wide band pass filter (usually over a range
of 50-100 nm) or a cut-on ﬁlter: A cut-on filter will block all radiation up to a desired
- wavelength and then transmitj all radiation above a desired wavelength (i.e. it will “cut-
on” at a desired wavelength). Even though filters are effective in spectral rejection, they
can weakly fluoresce themselgfes contﬁbqting to background levels.

Temporal rejection is commonly employed when using pulsed lasers, instead of
continuous wave lasers, as the excitation source. Pulsed laser systems suffer from high
peak powers that can degrade analytes of interest and the flow cell, pulse to pulse power
reproducibility is poor, and signal rec’:overy is complicated. Therefore, pulsed lasers
temporal rejection are seldom uséd with CE. |

The fluorescence of the flow cell is particularly problematic in capillary scale
separations using fused silica capillaries (such as CE) when UV excitation is employed.
Some flow cells can be employed for post-column detection with CE. Properly designed
flow cells can permit spatial rejection of much of this fluorescence from the capillary.
However, it has been shown for the ultimate in background rejection, the flow cell wall
must be effectively removed, such as with SFCs [137]. S'FCs allow for the walls to be
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removed from the collection angle (i.e. yiew) of th¢ appropriate optic whether it is a lens
or microscope objective. Thercfore; fluorescence of the flow cell walls is less
problematic than with the fused silica capillaries used in CE [137].

Many SFC designs have beenvemployed for post-column detection schemes in
reduced dimens%on.separation techniques such as CE. Some of these SFCs have been
ﬁsed as reaction chambers for post-column -labeling [135] whﬂe others have been used as
a flow cell sblely fo r detection purposes [129, 137] It has been shown that SFCs are
superior iﬁ sensitivity and llow‘erinvg limits of detection (LOD)[62]. Furthermore, SFCs
preserve the integrity of a éhrbma’;o;graphic separation, without é significant decrease in
key chromatographic parametersjéuch as resolution and efficiency [62, 129, 135].
However, many of the curréﬁt designs Have several drawbacks including: somewhat
cumbersome to use, difficulty in optically aligning the system, a:potential requirexhent for
a large amount of space, fragﬁe, .eXISensive, and generally a lq\;v dégree of ruggedness
[62, 129, 135]. | | |

In order to overcome ‘these drawbacks, a new design is warranted. The
construction, performance, and practical implementation of a rugged device for LIF
detection ip CE and LC techniques are described. This device is based on a SFC
arrangement with attributes that include ruggedness, simplicity, ease of use, low cost,
intra-day reproducibility, and small size. With this design, a pre-imaging mode of spatial
ﬁltering is employed to effectively reduce the contributions of both wall scatter and wall
fluorescence to the background signal levels. A comparison of the pre-imaging spatial
filtering and traditional methods of far-field spatial filtering is performed. This SFC
system has been designed speciﬁcaliy for use in the UV spectral region, which can be
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very advantageous since it broadens the scope of the possible applications of LIF;

however, fluorescence of the flow cell walls is particularly problematic in the UV region.
This flow cell design can be used with an UV laser, which presents the capabilities for
the use of this system for a routiné, practical analysis in the everyday laboratory. The
current design will offer advantages over othér designs by facilitating an easier alignment
procedure, better compatibility for both CE and LC techniques, lower cost, reduction in
the overall size of the detection system, and a higher degree of ruggedness. In addition,
the dimensions of the SFC allow for the coupling of different sc;aled separation
techniques without changing the. SFC to accommodate differences in flow rates and peak
volumes. The effect of flow cell geometry, slit widths, and detector position on
fluorescent background - lévels are shown. The device ‘has been applied to the
ﬂuorescenqe detection of three dansyl amino acids for both CE and capillary LC
techniques. Efficiencies on the order of >10° plates/meter and 10* plates/meter are shown
for CE and capillary LC techniques respectiveiy. A éomparison is made with CE
between on-column and post-column detection demonstrating the latter preserves the

integrity of a chromatographic separation.

EXPERIMENTAL
ChemicalS and Materials ’, e

Sodium phosphate (monobasic) and' sc;dium phosphate (dibasic) were purchased
from Sigma (St. Louis, MO, USA) and were used to prepare running buffers (RB).
Acetonitrile UV and water (all HPLC grade) were obtained from Fisher Scientific (Fair
Lawn, NJ, USA) and used to prepare mobile phases. Alignment dyes used weré sodium

102



 fluorescein (Slgma) and k1ton red purchased from Exc1ton (Dayton OH, USA) and serial

5 d11ut10ns were made in RB or moblle phase Dansy] : ammo a01ds L tyrosme (Tym), L-
| tryptophan (Try) and L-phenylalamne (Phe) were purchased from Sigma and d11uted n
;RB or moblle phase All sizes of fused-sﬂlca caplllarles were purchased from Polymlcro

Technologles (Phoemx AZ USA). A caplllary scale LC colurnn (500 um i.d. x 15 cm)

g 'hypersﬂ C18 BDS 5 um packed colurnn was purchased from Keystone Scientific

'(Bellefonte PA, USA) All s1zes of PEEK: tublng used were from UpChurch Scientific
(Oak Harbor WA, USA) Square and rectangular boros111cate and fused quartz tubrng
used for the sheath ﬂow cells were purchased from Wllmad Glass (Buena NJ USA) and

) “cut to de31red length using a diamond glass cutter. -

Instrumentation
. The 1nstrumental requ1rements for a separatlon based LIF detection system is

) s1m11ar to that previously descnbed in Chapter 1. The fluorometry apparatus used in this

work cOn31sted,of one of three lasers a 488 nm line from an argon ion laser (Ar")
: (Uniphase Model 2201-20SL, San Jose, CA, USA),‘ra 325 nm line from a helium-

cadrnium (He,Cd) laser (Onmichrome Model 2074-'20M, Chino, CA, USA), and a 257 nm

frequency doubled Ar laser (Lexel Laser Waterford CT, USA) A laser line filter, 488
nm and 325 nm respectlvely, for each laser was placed n the path of beam to remove any
plasma lines from the laser emlssron T he beam was. focused onto the sheathmg capillary
using»a 12.5 mm diameter (/1) quartz lens.. Emission was collected at a '900 angle with

respect to the laser beam with a125 mm diameter (f/1) lens. - The isolated image was
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passed through a bandpass filter and the isolated radiation was allowed to impinge on an
RP-1 type photomultiplier tube (Hamamatsu Corp., Bridgewater, NJ, USA). The PMT
photocurrent was monitored by a Pacific Precision Instruments (Concord, CA, USA)
Model 126 photometer. The photometer was operated with a 1.0 s output ﬁme constant.
Electropherograms and chromatograms were recorded with a program written in house
using LabView and a 486 DX4 100 MHz computer equipped with an uCDAS-16G data
collection board (Keithley Metrabyte, Taunton, MA). A Hipotronics (Brewster, NY,
USA) Model 840A high-voltage power supply was used to apply electrophoretic fields.
A hydrostatic injections were made by ra‘ising the inlet end of the capillary 10 cm above
the outlet end for 10 sec. Following injection, the capillary inlet was replaced into the
running buffer vial and a running inoteﬁfial of + 15 ‘k\'f Qa:s applied across the capillary.
Mobile phases were delivered via an Hewlett Packard Model 1050 HPLC system.
Injections were made with a Rﬁeodyne Model 7520 500 nL fixed volume sample injector
(Rheodyne, Cotati, CA, USA). Sheathing fluids were &elivered with a single-syringe
infusion pump (Fisher Scientific, Fair Lawn, NJ, USA). Video images of fluorescent
band profiles were recorded via a SONY zoom CCD Color Video Camera (Edmund
‘ Scientific, Barrington, NJ, USA) interfaced with a Trinitron Color Video Monitor

(Edmund Scientific, Barrington, NJ, USA) and recorded with a SONY VHS recorder.

Capillary and Column Preparation
Fused silica capillaries used for CE separation capillaries (50 pm i.d. x 365 pm
0.d.) were cut to a total length of 40-60 cm using a capillary cutter. The outlet end of the

capillary was tapered down to an approximate 0.d. of 100 pm to help minimize turbulent
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flow. This was achieved in house with a metal lathe, sanding étone, and a piece of fine
sandpaper. The capillary was securing fastened into the lathe and allowed to rotate at a
high speed. A sanding stone was blaced into the lathe at a desired angle to produce the
taper of the c‘apillary. While rotating and applying gentle pressure, the capillary was
slowly moved across the sanding stone until the desire taper was produced. This was
done for all capillaries to- help minimize turbulent flow. A detection window (for on-
column comparison) was ’made by rernov'ing a section of the polyimide coating near the
outlet end of the capillary with fuming concentratedl sulfuric acid. For all CE
experiments, the capillaries were treated with 1 M NaOH for 1 hr. followed by 30 minute
water rinse. The capillaries were then filled with RB before use and allowed to
equilibrate under the running voltagé for 10 minutes. Capillaries were stored in water
overnight. Transfer capillaries for LC separations were mated to the corresponding peak
volumes for the desired LC column dimension to help minimize band broadening while
maximizing pathlength. A 25 pm i.d. x 150 pm o.d. fused-silica capillary was nested
inside and secured with epoxy to a 250 pm i.d. x 365 pm o.d. fused silica capillary,
which was used as the transfer capillary between the column and the sheathing capillary.
LC columns were rinsed with the desired';hoi)ile phase and allowed to equilibrate for 30

minutes at the working flow rate.

Sheath Flow Cell Fabrication Procedure
For comparison purpbses, a previous design for the sheath flow cell arrangement
was described in detail in Chaptér 2 (See Figure 2.5, page 82). The prior design suffers

from the drawbacks of lack of ruggedness, need for additional equipment to align the
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flow cell (squared\ with respect to - the laser beam), cumbersome to .use, poor
reproducibility,"requires a far-fiel’d mode of ‘spatial filtering, a somewhat more difficult
' ahgmnent procedure takes up- more space and VIS not easily adaptable for routine use in-
' both an academ1c and an 1ndustr1al settlng B |

In the des1gn described herem the sheathing capillary was either a p1ece of square
boros1l1cate tub1ng (0 400 mm i. d x 0.800 mm o. d X5 cm for CE scale 2 mmid. x 2. 8
mm o. d. X 5 em’ for u-bore LC scale) or a rectangular piece of boros1l1cate tubing (O 400
mrn id. x *1.4 mm o.d. x5 cm used for .both,scales) that were cut. and placed into the
corresponding fabricatedv cell holder,(discussed below). |

The SFC design was machined in- house and it consisted of the. following: cell
.‘ holder, 'alignrnent block, tranmslatio‘n Vplate,' so‘l\‘/ent tee, detector body, and lens holders
’.(see Figure 3. 2). The cell‘holderiWas“'machined in half 'with a center slot machined into'
each half to match the half of correspondlng o.d. for the sheatlnng cap1llary to be used -

(see F1gure 3. 3) When placed together and held secured by two SCIews, the center

- 'groove keeps the sheath1ng capillary square and secured in the- appropnate cell holder '

* (see F1gures 3. 4) Furtheimore into each cell holder was both an excitation slit (200 pum)
and an emission slit (300‘,pm)'5at 90 f,with‘respect to one another (see Figure 3.5). The

'. _ emission s11t was mated to f/ 1. imaging opt1cs and was machined with a 45° bevel. The

) cell holder (w1th the appropriate sheatlnng capillary secured) was fastened into the

unders1de of an al1gnment block as shown in Figure 3.6. The alignment blocked served a
dual purpose F1rst it prov1ded a means of connecting the cell holder to the translation

late and solvent tee Second placed inside the al1gmnent block was a metal d1sk WhJCh
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provided a means for a liquid tiéht seal around the sheathing capillary and between the
solvent tee and the sheathing vcapillary (see Figure 3.7). This liquid seal was
accomplished by placing an o-ring around the sheathing capillary and another o-ring
around the end of the solvent tee. The cell holder was fastened to the underside of the
alignment with a metal plate, which slipped around the cell holder. Four screws secured
the plate to alignment block and held the cell holder in place. The fastening of cell holder
to alignment compressed the o-ring around the sheathing capillary forming a liquid tight
seal as shown in Figure 3.8. The solvent tee was connected to the translation plate with a
knurled fitting that provided translation in the z-direction (see Figure 3.9). To fabricate
the entire design, the alignment block was secured to the translation plate by screwing the
solvent tee into the topside of the alignment block (Figure 3.10). This translation plate
allowed for translation about a x, y, and z-axis much in the same way as a commercially
available fiber optic positioner. This entire fabrication was done only once. The only
assembly, which may have to be done more than once, was the attachment of the cell
holder to the underside of the alignment block -when a new sheathing capillary was
needed. The separation capillary was held in place via a piece of PEEK tubing which
was secured into the solvent tee with a s;tainless steel Valco ferrule and fitting (see Figure
3.11). The sheathing fluid was introdpced v'ia a piece of 0.02” i.d. PEEK tubing fastened
into the sidearm of the solvent tee (see Figure 3.11). Once the cell holder, solvent tee,
alignment block, and translation plate were all securely fastened, a detector body fitted
over the cell holder and mounted directly to the underside of the translation plate. The
detector body houses both the focusing and collection lenses. Figure 3.12 shows the two
homemade lens holders that secured the focusing and collection lenses. Once assembled
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| the two lens holders’scre’wéd into the detector body at 90°‘to each other as shown in
Figure 3.13. In addition; the dgtector body allows for adjustment of the focusing and
collection lenses by simply screwing the lens holders in either direction (see Figure 3.13).
For detailed construction plans, see Appendix. In the back of the detection body was a
1/16” pinhole, which was qsed to properly align the laser beam with respect to the rest of
the system (see discussion bélow). The ‘additional equipment needed for CE-laser and

HPLC-laser fluorometry setup was as described (see Instrumentation section).

Alignment Procedure

To better demonstrate the simplicity of the overall ease of alignment with the
proposed design, a comparison to the pre'viously used design is warranted. The optical
alignment procedure for the old SFC design consisted of the following steps. First, the
laser beam was centered through a 25.4 mm /1 lens and a spot was marked to indic'ate
the path of the laser beam. Second, the laser beam was focused onto the sheathing
capillary using this f/1 lens and the beaI"n was detern.ﬁned to be going through the center
of the sheathing capillary when the image was on the same spot marked previously. To
“square” the sheathing capillary so that the front face was at no appreciable angle with
respect to the laser beam, a video microscépe was used. This procedure was important to
help minimize wall scatter due to the laser beam hitting the sheathing capillary at any
angle and causing the fluorescent image to be skewed in the sheathing capillary with
respect to the collection lens. It was very difficult to know if the sheathing capillary was

perfectly square even with the use of the video microscope because of the crudeness of

the design. A collection lens (25.4 mm, f/1) was placed at 90° with respect to the laser
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bear,n and the ,correspondrng walﬂliscatte_r‘ and fluorescence was collected and magnified in

the'tar field to sorne- degree (15X in most,.instance'vns). This rnagniﬁed image was spatially
‘isolat‘e’dvi’n the far ﬂeld using* an exlternal adjustabie slit as described previously; The
ﬂuorescentl irnage was pass‘ed through a bandpass filter and then allowed to impinge on a
© PMT. - | |
| To opt1mlze the ahgnment of the system a 1aser dye was cont1nuous1y 1nJected,
-‘-'through the _separation cap111ary 1nto the sheath1ng cap111ary The sheathmg ﬂow was
- matched 'to the separatlon ﬂow w1th the - a1d of a v1deo mlcroscope and was optlmlzed
when the ﬂuorescent 1rnage elutlng from the separatlon cap111ary was the samme dlameter
as the ﬂow channel of the separatlon cap111ary (i.e. 75 p.m for a 75 pm id.. cap111ary)
This was‘ accomphshed by varyrng the}ﬂow rate of the sheathrng flow with vthe"syrlnge
© pump. ~F«inal optirnization of alignment included'translatrng the PMT horizontally and
. vertic'allyz across the ﬂuorescenti image¢ bfocusing the collection Alens and adjusting’ the
external sht wh11e obta1n1ng the best s1gna1/background (S/BKG) poss1b1e
In contrast using the. pre -imaging spatial ﬁltermg techmque proposed here the
'ahgnment procedure was much simpler, qulcker and reprodu01b1e First, the laser beam
is centered in rnuch the same way as descnbed above wrth the marking of the spot‘the
Iaser h1ts before an after it passes through the focus1ng Iens. To center the laser beam
: through the sheathrng cap111ary, the sheathmg cap111ary is simply translated in the x-
: d1rectlon unt11 the- laser beam ex1ts the p1nhole in the back of the detector body .and is at
- the same posrtlon as prev1ous1y _marked.’ The ﬁltenng of wall scatter and ﬂuorescence is
accornplish‘ed prior to the collection of the ﬂuorescent image by the collection iens. This.
s accomplished due"to the coupling ‘of the sheathing ‘capﬂlary‘ geornetry with the
o 2 '



. appropriate slit width in this cell holder (discussed in more detail later). Consequently,

the fluorescerice is collected by the lens, passed throuéh a bandpass filter, and imaged
onto the. PMT 'positioned within a focal length aWay of the collection lens. There is no

need for any far ﬁeld 1mag1ng or add1t10na1 spat1a1 ﬁltenng with this desi ign unlike that of

. the prev1ous des1gn The ﬁnal optlrnlzatlon of the system 18 accomphshed as above with:
-the exceptlon‘that varymg the external s11t is. not needed " This procedure is less time

consummg and dlfﬁcult from day-to day operatlon This des1gn exh1b1ts a more rugged,

reproduclble ahgnment procedure that can be used da11y in a pract1ca1 laboratory settmg

RESULT"S AND DISCUSSION

Characterlzatlon of Sheath Flow Cell

‘ In an attempt to charactenze the new SFC des1gn, stud1es on the effects of ﬂow

rate and detector posmon on the overall s1gnal mtens1ty of a laser dye were performed

In thlS case, the effect of the separat1on ﬂow veloc1ty (efﬂuent) on the s1gna1 1ntens1ty

max) Versus pos1t1on of»th‘e detectlonfzone waS~studred.« In this expenment, the sheathmg

ﬂow-yeloci.ty'was held constant'and‘chanhging the applied voltage yaried the separation

. flow velocity. As laser_dye was coritinuously .vexiting the‘cap_illary due to electrophoretic

‘ migration, it was entrained into the sheathing fluid and travels down the sheathing

capillary.” As seen in F igme 3.14, the faster the separation flow velocity (in this case the

higher the applied yoltage) the higher Im;x will be at every position down the sheathing

_capillary. For instance Imax was approximately 2800, 1900, and 1200 nA for 15, 10, and

5KV respectlvely ata pos1tlon adJacent to the separatlon caplllary Translatmg down the

SFC. away from the separation cap111ary decreases the signal. In the 15 kv~ case, the
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Intensity (nA)

Position (1m)

Figure 3.14. Effect of flow rate and detector position on signal. Sheathing flow was
held constant while adjusting the applied voltage varied the separation flow. A solution
of 1 x 107 sodium fluorescein was continually eluting from the separation capillary.
Flow rates were matched in the 10 kV case.
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signal decreases from 2800 nA at a bosi‘tion of IOO‘IumI t0.2300 nA at a position of 250
pm. Consequently, thesignal‘gradually levels at a position of 650 um to a signallof 2000
: nA. This general trend is also. observed in the 5 and 10 kV cases. Expansion may
decrease the effective dye' concentration (due to diffusion) in the focused laser beatn, but
it will increase the effective pathlength. Since the expansion (15 kV) case has the
: greatest signal, this pathlength effect_‘.dorninate’s_ 1n ‘inﬂuencing‘ Tinax .
To determine if an irnprovernént in: deteetability was feasible with the probosed
, design compared to the previous design,‘;a{'/‘set of experiments was performed. A series of
, concentrations of sodiutn ﬂuoreseein were injected Important analytical information
pertinent to a LIF setup such as signal, BKG, noise, and S/N were recorded for both
de31gns and summanzed in Table 3.1. N01se levels for both systems remained constant at
approx1mately 0.20 nA. Even though a sl1ght increase in background (1. 7 nA) was noted
: in the new des1gn (probably. due fo a shght mlsahgnment of the flow cell) a 4- fold
.:1ncrease»1n s1gna1/n01se (S/N) was obseryed. This 1mprovement in S/N gave a good
_indication that a prel-ima'gingﬂ mode of spatial ﬁltering‘was achieved by the SFC holder
a‘nd -that an overall irnprovementvin detectability was possible |

| A LOD for sodium ﬂuorescem was detenmned for both the CE and H- bore LC
o systems For each separatlon techmque a d1fferent sheathmg caplllary was used to

'accommodate the d1fferences 1n peak volumes Cahbra.tlonlplots of concentrat;on of
z ‘sodlum fluorescein injected versus S/N.,werle made“ for both'CE‘and LC (not shown). For .
. the CE technique, aLOD in the low jbieomolar range .(715 b lZO'l12 M) was ob‘serv‘ed (using‘i ‘

LOD= S/N of 2v). ‘This co‘rfespohds to approximately 0.42 attomoles injected. A LOD of
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_Table 3.1: Fluorescence Data "(\jémpaljing Previous Design to Proposed. Design ' ,

OldDesign -~~~ " |.'1x 10" W) 1x107 () | 5x107% vy

BKG (nA) S 45 | 45 45 . |

Signal (nA) T 12 . . 65 T30

Noise(mA) .~} .15 15 A5 07

SN - .. | 80 43 T 200

New Design

BRG @A) [ 62 62 — 62

Signal mA) 57 19 | -. 05

Noise MA) | o2 | . 02 02

S/N — 2% - | 85 1| 25
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2.2 x 10" M was observed for p-bore LC (using LOD= S/N of 2 and correcting for
chromatographic dilution).

However, one drawback with this above approach was the 'need to modify the
SFC to accommodate both CE and LC separation techniques. In the above, a separate
sheathing capillary was used for each technique. This can be problematic and time
consuming to have to change the shea£hing capillarsr to toggle between CE and LC
techniques. Hence, a better sheathing capﬂlary geometry is needed which would
accommodate both CE and reduced dimension LC techniques without having to use two.
different sheathing capillaﬁes. In order-to overcome this, a rectangular sheathing
capillary was implemented. This unique geometry offers two advantages over those
traditional flow cells used. First, coupled with the appropriate slit width matched to f/ 1
imaging optics, this arrangement will more efficiently block laser wall scatter and wall
fluorescence using a pre-imaging rode of spatial filtering. Figure 3.15 depicts the
emission image (fluorescent image and wall scatter) seen with the square and rectangular
flow cell arrangemeﬁts coupled to f/1 imaging optics. The top figure shows a depiction -
of a square sheathing capillary used with a LC mode of operation. In this mode of
operation, signal is collected with a f/1 collection lens with 2.8% efficiency (solid angle
defined by --9) in Figure 3.15. A slit is made for the sheathing capillary, which
matches the corresponding collection obtics.l With this approach speéular wall scatter is
still collected at 1.2 % efficiency (solid ang}e defined by ") in Figure 3.15. Conversely,
with the rectangular sheathing capillary geometry mated to the same f/1 collection optics,
the collection efficiency is 6.2. % and spec;ﬁlaf wan scatterlis ‘collected at 0.0 %

efficiency. Based on the above obsérvatfon, the rectanigular sheathing capﬂlary coupled |
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Figure 3.15. Comparison of square -and réctaﬁgle sheathing capillary geometry for pre-
imaging spatial filtering. (Top) Depiction of square sheathing capillary used with p-LC.
Signal collection is based on /1.5 collection lens with a 2.8% efﬁc1ency (dark dash line). °
Specular wall scatter is collected at only 1:2% (light dash line). ' (Bottom) Depiction of
rectangular sheathing capillary which can be uséd with both CE and LC: - The signal is
collected at /1.0 at 6.2% efficiency (dark dash line). Specular wall scatter is collected at
0.0% efficiency. The rectangle sheathing capillary demonstrates the superiority in-near-
field rejection of wall scatter without compromising a loss in signal collection. -
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with the appropriate slit was superior in spatial rejection of wall scatter compared to the
commonly used square sheathing capillaries. Second, l’the dimensions of the sheathing
capillary allow for both CE and LC scales to be used without having to change sheathing
capillaries to accommodate the different flow rates and peak volumes used with the
differént separatioﬁ techniques. It is feasible to for both CE and LC to be done with the
square sheathing .capillary; however, keeping the sepé.ratio‘n. capillary centered énd

secured in CE is problematic.

Evaluation of Rectangulﬁr Flow Cell Design

To evaluate the feasibility of the rectaﬁgular sheathing capillary geometry, a
series of -experiments was done to‘demonstraté the capabiliti_es of pre-imaging spatial
filtering compafed to a far-field mode of spatial ﬁltering'. For these experiments three
different l;c}sers were used, a viéiblé Ar+ at 488 nm, anear UV H;Cd at 325 nm, and a UV
freqﬁency dogbled Ar' at 257#h1’n.‘ With each of/t.hese lasefs the effects of collection lens
position, detector position, an’d‘ slit-widths on‘ﬂuorévscent'béclkground contributed by both

wall scatter and wall fluorescence. To determine the effectiveness of the cell holder with

the machined slit mated for pre-imaging spatial filtering, a comparison was made to an

identical cell holder with no pre—irﬁaging spatial filtering slit. Essentially, this cell holder

only served as a means of securing the sheathing capilléry into place. The emission side

had an opening, which was bigger than the sheathing capillary itself, which would allow

all scatter to pass thiough and be collected by the gé'llection lens (see Figure 3.16).

A visible Ar  laser was chosen as a source because it could be used with an

available holographic notch filter that could determine the spatial filtering ability of the
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pre-1mag1ng technique by companng ~the scatter blocked\w1th the’ pre 1mag1ng techmque
to that blocked by the holograph1c notch ﬁlter By placmg the notch filter in the path of
the detector all laser scatter is effect1ve1y blocked; henceforth a low s1gnal (background)
is ach1eved Furthermore there should not be much wall ﬂuorescence because of the
higher wavelength used (488 nm in th1s ‘case) SO the b1ggest contributlon to BKG in th1s,'
‘ :case would be specular wall scatter » | » ‘
Tables 3.2 and 3.3 compare, the cell holder w1th the"pre-'imaging spatial ﬁlteﬁng
- to the cell holder w1thout the pre-1mag1ng capab1l1t1es Table 3.2 summarlzes positioning
‘arrangement 1 where the collection lens is placed at a d1stance of approx1mately 1 07
| _' focal lengths from the sheathing capillary and the PMT is approx1mately 1. focal length
: ,beyond the collection lens The table contains data for d1fferent adJustable external slit-
(placed directly in front of PMT) w1dths Wlth posmomng arrangement 1, the scatter and »
ﬂuorescence is convergent upon the detector but the detector is not placed at a- distance'
‘that corresponds to the 1mage being focused The cell holder w1th the sl1t efﬁ01ently
blocks laser scatter better off of the rectangular sheathing capillary better than the cell
holder without the slit at all extemal slit w1dths as is seen 1n Table 3. 2 Placmg the notch “
filter 1n,the path of the detector reinforces this conclusmn because‘ the si g‘nal is reduced to
1.8 nA in the cell holder without a slit. . |
Table 33 shows,data from positioning arrangement 2 where 1nthe detector is: -
pl)aced at Aa distance from the lens, which corresponds to 15X ma'gniﬁcation <of thev :
focused scatter and fluorescent image.ﬂ With this arrangement most of the scatter ‘off of
the sheathing capillary 1§ blocked; however there is a small arnount of scatter off the slit ‘
interface. The scatter is muchvwider than the e‘x‘te'rnal,J adjust,able:slit used‘ and‘ is outside
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Table 3:2: Positioning Arrangement 1, Ar" Laser at 488 nm

Cell Holder-No Slit | Cell Holder-Slit

External Signal (nA) Signal (nA)

Slit (Lm) ) ' '
250 120 1.0
500 280 . 1.4
1000 800 a 1.8
2000 1800 : . 2.9
3000 2600 3.8

- 4000 3600 .43
5000 . 4100 5.0
6000 4800 5.0
6500 5000 , 5.0
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Table 3.3: Posiﬁoning Arrangement 2',' Ar+ Laser at 488 nm - |

Cell Holder-No SIit Cell‘Ho,lder-Slit»' ‘

External Signal (nA) ~ Signal (nA)
Slit (um) | - ;
250 - 2.0 ‘ 1.2
500 4.0 1.2
1000 4.0 1.2
2000 - {82 - 112
3000 . 13 1.2
4000 17 1.2
5000 - |23 . 1.2
6000 | 27 1.2
{6500 |27 1.2
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the detect10n range of the PMT Consequently, there is a very.low signal (1 .2 nA) for this
detector pos1t1on and the s1gnal is constant for. every width of the adJustable slit.
Furthermore, by using a far field mode ot’ spatial filtering with the cell holder with no slit

. (as is traditionally done), the majority of th"e"lbackground is blocked which gives small.

~ signal values.

| For a further evaluation of this pre-imaging spatial filtering technique, a HeCd
laser was used .as a laser source closer to the UV spectral_ region where‘ fluorescence of
the ﬂow cell walls’ .introduces another si'gniﬁcantsou'rce of background. In order to
. determine the contribution‘yof wall ﬂuorescence-over wall scafter to the overall signal, a
350 nm cut-on filter and ﬁOO. nm cut-on: ﬁlter werevused.' If there were a contribution of
wall ﬂuorescence the s1gnal would be greater for the 350 nm filter than the 600 nm filter
because the 600 nm would more effect1vely block the wall fluorescence. Table 3.4
summarizes th1s' effect at posrt1omng arra‘ngement 1 w1th both cell holders used. With the
nre-imaglng sr)atial ﬁlteﬁng, rno‘st of the scatter and fluorescence was blocked using the
350'nm ﬁlter (21 nA)'at- the‘laréest external ‘slit opening; however by comparison with
Athe 600 nm ﬁlter the s1gna1 is reduced to 5. O nA at the same external slit width. This
reduction in s1gnal shows that there must be a contnbutlon of wall fluorescence that is not
E efﬁ01ently blocked w1th the 350 nm ﬁlter but 1s w1th the 600 nm. In add1t1on, the cell
holder w1thout the s11t shows this effect as well but with a more dramatic decrease in
signal from 21,000 nA to, 2800 nA at the w1dest external slit width (6500 pm).
Table 3.5 dep1cts pos1t1on1ng arrangernent 2 w1th a.traditional far-field mode of
spat1a1 ﬁltenng Demonstrat1on of a far-ﬁeld rnode of spat1al‘ ﬁltenng was shown with

_the cell holder without pre-1mag1ng capab1l1t1es by the reduct1on of the background
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- Table.3.4: PbSitionin_g Arrang:e:h{i?eht-'l,.HeCd Laser at 325 nm

Cell Holder-- | ~Cell Holder- Cell Holder- | Cell Holder-

. . NoSlit - |  No Slit. oSt | St

External | Signal (nA) w/ " | Signal (nA) w/ | Signal (nA) w/ | Signal (nA) w/

Slit (um) | - 350 nm'filter - | 600 nm filter ;| :350 nm filter | 600 nm filter
250 450 . 700 12 - 1.0
500 1200 200 1.8 | 1.2
-~ 1000 . 3800 - - |+ 550 - 34 ‘ 1.8
2000 7800 Tl 1200 68 2.8
| 3000 . 12000 e 1700 - 9.2 3.4
. 4000 - | 16000 fove: 2100 ~13.0 4.0
5000 19000 2600 O 17.0 4.4
6000. . * .20000 - .2800 -20.0 4.8
6500 - 21000 - 2800 210" 5.0
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Table 3.5: Positioning Arrangement 2, HeCd Laser at 325 nm

Cell Holder- Cell Holder- Cell Holder- Cell Holder-
No Slit , No Slit Slit Slit

External | Signal (nA) w/ Signal (mnA) w/ | Signal (nA) w/ | Signal (nA) w/

Slit (um) 350 nm filter 600 nm filter 350 nm filter | 600 nm filter
250. 1.2 0.8 1.0 0.8
500 2.0 1.0 1.0 1.0
1000 - 42 1.2 1.8 1.0
2000 9.0 2.0 2.6 1.2
3000 13.0 2.4 32 1.8
4000 . 18.0 32 3.8 2.0
5000 21.0 44 42 2.0
6000 25.0 - 5.0 5.0 2.0
. 6500 25.0 - 5.0 5.0 2.0
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(lower signal) at‘all external slit widths éompared to the signal values observed in Table
3.4. The further decrease of signal with the .cell holder with pre-imaging spatial filtering
demonstrates the effect of the scatter image (from the slit interface) magnified to a degreé
outside the detection zone of the>PMT. |

The deéign of this pre-imaging spatial filtering technique ultimately was
developed to be used in the UV spectral region where many analytes natively fluoresce.
However, wall fluorescence becomes z;. very significant source of background, which can
create very lhigh background levels compromising the sensitivity of the technique. It was
hypothesized that with thé proposed pre-imaging spatial filtering technique that a
significant bortion of wall fluorescence would be blocked anci the background would be
decreased. Examination of Tables 3.6 and 3.7 summarize data collected with an UV
frequency doqbled Ar laser at 257 nm using a 320 nm cut on filter or a 600 nm cut on
filter with the fwo different ceﬂ holder holders. At positioning arrangement 1 (Table
3.6), the cell holder without the pre-imaging filtering shows a very high fluorescent
signal of 40,000 nA at the widest external slit width with the 320 nm filter, but reduced to
only 15,000 nA with the 600 nm filter. Conversely, the cell holder with the pre-imaging
spatial ﬁltering' the signal is only 60 nA with the 320 nm filter and dropped to 38 nA with
the 600 nm filter with no external slit (wvid’e’ opén at 6500 um). Furthermore, with 15X
magnification and using the cell holder without pre-imaging si)atial filtering, signal levels
for fluorescent background were much lower; (100 nA for the 320 nm filter and 40 nA
for the 600 nm ﬁlte_:r). - The \sa:-me réduction in signal was observed with the 15X

magnification for the cell holder with the pre-imaging as with the two previous lasers.

136



Table 3.6: Positioning Airangement 1, Ar* Laser at 257 nm

Cell Holder- .| Cell Holder- Cell Holder- | Cell Holder-
. No Slit No Slit - Slit” | ' Slit
External | Signal (mA)w/ .| Signal (nA) w/ | Signal (nA) w/ | Signal (nA) w/
Slit (um) | ~ 320 nm filter . | 600 nm filter - | 320 nm filter | 600 nm filter |~
- 250 240 - ~ 90 20 120 -
. 500 580 - 2200 28 24 -
- 1000 - 1700 - 640 - 5.8. 42 -
2000 3900 1600 12.0 7.6
{3000 - 5800 2550 . 19.0 - 12.0
. 4000 . - 7800 3400 - 26.0 - 16.8.
5000 - 12000 4800 - | 34.0 1 20.8
6000 - 28000 ~:10500- 51500 ... 1320
6500. 40000 - 15000 60.0 38.0
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Table :3'.7: Positioning Arrangement 2, Ar+ Laser at 257 nm |

- Cell Holder- _ Cell Holder- - “Cell Holder- | Cell Holder-

NoSlit |- - NoSlit Slit . Slit
- .| External |. Signal (nA) w/ | ~Signal (nA) w/ | Signal mA) w/ | Signal (nA) w/
<| Slit (um) | 320 nm filter = |* 600 nm filter * |. 320 nm filter | 600 nm filter
250 | 30 | 20 . T 1.8 . 1.4
500 6.0 - .30, - {18 14
1000 s S 6.4 - 24 2.0
2000 34 . | 14 . 4.0 2.8
3000 - | . - 52 0 S22 538 3.8
4000 -| 68 . 1 29 ' 1.0 4.6
5000 80 - 34 - 0 92, 5.4
6000 90, .- 40 - 1 10.0 - 6.2
~ 6500 , 1000 7 fL e 40 1027 6.2
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Further characterization of ’ghé";eétangvular cell holder wiﬁh the'pre-irﬁaging spatial
filtering was done By continuously injecting a _ﬂowing stream of 1 X, 107 sodiﬁm
fluorescein through the separation capillary while maintaining a sheathiﬁg flow ‘matched
to the separation flow. The matching of two flow rates :Lwas ;iccémplished by
continuously eluting a str;:am of laser dYe frdm the sepgrétion capillary (1n this cése
sodium fluorescein). Concurrently, the sheathing ﬂow was adjusted with the ‘syringe
pump until thé ﬂuoréscent irriagé eluting frém the séparatibri capillary was approximately
the sarﬂe size as tﬁe i.d. of the separation capillary (50 pm in this case). The matching of
the flows was accomplished with the aid:ot“ (a; Yid;eo microscope and the fluorescent image
was» measured on the videot scr_e'eﬁ. j-Qnéé.the flow 'rates Werg‘matched, signal and
| background levels were recorded at ]_a"se‘.ﬁ_es of V‘ex’tc}na}\slit widths ,.by adjusting the‘
ex;cemal slit from 250 pm to 6500 um wide. A pibt of the Siéﬁal/Backgrpund (S/BKGj
ratio \v/s. slit width démbnsﬁated the effect of using an external slit for spatial rejection. A
steady increase in S/BKG is observed with an optimizatioﬁ around a slit width of 2500
um before decreasing to 130 at a 4500 um rslit 4Width. As the slit is gradually widened
. from 250 pm to -’2K5‘OO um, background levels are increased slightly but the signal
obtained increases greater, hence a mafximﬁm level is reached at 2500 um slit width. "As
the externai slit is ’increased wider‘ﬁorri- 2500 um to 4500 um slightl}./ more signai is
detécted, but more backéround is also detected. "Hence, the S/BKG 'levels begin to
decrease. | |

| The S/BKG level was caléulateé toreach a maximum level at approximately 1500
{m externai slit width. Howé&er, it 'was observed at an external slit width of 2500 pm

‘ that the maximum S/BKG waé réachéd. This ?is due to a slight hydrodynamic expansion
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of the fluorescent image, the fluorescent image was notltcenteredA on the external slit, and
the image was unfocused at the external slit interface. Because of these aforementioned
difficulties with a far-field mode of spatial filtering with an external slit, it is more
practical and easier to use the pré—imaging spatial filtering which does not require an
external slit.

The data presented shows that the p're—imaging‘ spatial filtering technique
efficiently blocks both wall scatter and wall fluorescence even in the UV spectral region
where wall fluorescence is particularly problematic. However, for any post-column
detection arrangemeht to be feasible, the integrity of a chromatq graphic separation must
be studied. Therefore, an examination of the rectangular sheathing capillary geometry for

use in a chromatographic separation is warranted.

Separation of Amino Acids

To evaluate the rectangﬁlar sheathing capillary geometry as a suitable SFC for the
preservation of the integrity of a chromatographic separation, a comparison between on-
column and post-column detection was made using a three component mixture of dansyl
amino acids. Figures 3.17a and 3.17b show post-column detection of three dansyl amino
acids (Tyr, Trp, and Phe)»tﬂlsin‘g CE and the HeCd laser (a) and CE and the Ar" UV laser
(b). Figure 3.17c éhdws post-cc;lumn detecftion of three free form amino acids (Tyr, Trp,
and Phe) using capillary LC and 'the Ar" UV laser (c). The efficiencies for on-column
detection with the HeCd laser were 6 x 103 , 12 x10°, and 8.4 x 10° plates/meter for Tyr,
Trp, and Phe respectively. H‘owever, for the.pc.)st-column‘ détectioﬁ the efficiencies were
5 x 10%, 10 x 10°, and 7.6 x 10° plates/meter for Tyr, Trp, and Phe respectively. This
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Figure 3.17. CE separation of three dansyl amino acids. (a) HeCd laser and (b) Ar
laser at 257 nm with post-column detection adjacent to separation capillary. Separation
conditions are 50 mM phosphate running buffer, 15 kV, sheathing flow 0.5 mL/hr.
Elution order is (1) Tyr, (2) Try, and (3) Phe. (c) Capillary LC separation of free form
amino acids with Ar" laser at 257 nm with post-column detection adjacent to separation
capillary. Separation conditions: 500 pm x 15-cm column, .020 pL/min flow rate, 50/50
ACN/H,0 mobile phase. Elution ordér was (1) Tyr, (2) Try, and (3) Phe.
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“corresponded to a decrease in efﬁc1ency on 17'% for Tyr, 17% for Trp, and o‘nly‘ 10%.-for
Phe. Slrnllar decreases In efﬁc1enc1es were. observed w1th the uv laser On-column
detectlon efﬁ01ency for Tyr was 3.4 x 105 plates/meter 6. 2 x10° for Trp, and 5 0x 10°
‘-plates/rneter for Phe. The decreases in efﬂ01en01es were . 18% for Tyr (2 8§ x 10°
plates/rneter) 15% for. Trp (5 3 X 10 plates/rneter) and 12 % for Phe (4 4 X 105) ThlS
'degradatlon of efﬁc1ency for post column detection w1th a 'SFC is minimal and -
| comparable to that reported prev1ously w1th a rnore tradltlonal sheathlng caplllaryi '
: geornetry [62, 135] A | |
‘ An 1ntegral reason of’ choosmg rectangular sheathlng caplllary geometry was the ‘
ability to use dlfferent dlmensmn separatlon techmques such as CE and LC w1thout‘
‘having to change the sheath1ng cap111ary A caplllary LC separatlon of the three native
- aromatic amlno a01ds (Tyr, Trp, and Phe) was done w1th the UV Ar laser. Flgure 3.17¢
shows a rapid, efficient separatlon for caplllary LC w1th all three peaks eluting in less_
than 5.5 minutes (Elutlon order was’ Tyr, Try, and Phe). . The efﬁ01en01es reported were.
1.8 x 10* plates/meter for Tyr, 4 x. 104 plates/meter for Try, and 8x10* plates/meter for

. Phe.

CONCLUSION S

The SFC de31gn and pre-lmaglng rnode of spatial. ﬁltenng descnbed represented a |
_si"gniﬁcant advancernent in the deyelopment 'of ‘a routine, practical LIF detection system.
The overall design itslelf is rugged, simple, small, and easy to use LIF detection system.
A pre-imaging mode of spatiai ﬁltering‘(was shown to" he very comparable to a more
traditional t'ar field mode of spatial filtering, butAinherehntly ‘easier and s_irnpter. The
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sheathing capillary geometfy ‘emplloyed in thié design contributes very rﬁinimally to band
dispersion and degradation of separation efﬁciéncy. Furthermore, this sheathing capillary
geometry was compatible with both CE and LC techniques. In addition, the capillary
geometry used with this SFC arfangement maintains the integrity of a separation
demonstrated with a mixture of amino acids. Compatibility with an UV laser presents thé
,applicébility for a routine, practical system for LIF detection with reduced dimension

separation techniques.
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CHAPTER 4

ON- COLUMN SURFACE ENHANCED RAMAN SPECTROSCOPY
- DETECTION IN CAPILLARY ELECTROPHORESIS
‘ USING RUNNING BUFFERS :
CON TAININ G SILVER COLLOIDAL SOLUTION

- INTRODUCTION

.. Despite vei;y‘llow absolute‘: detectablhty, %ultihdatel’yA ‘regehin:g. the ethgle molecule
detection' level tn 'certainh LIF expenments, [117, '138;1'13§]detectidh in CE genetally ‘
suffers from ‘mode-st-to-ule‘ot edncehtration detectability. Mereouer, CE detection has not
Ihatured reletive to other separetioh rhethods with regards to implementing strategies that
provide speetrosco‘f)ic:.'infoim,l-etioh‘for high selectti_v'ity’or solute identification purposes‘.~'
| Thus, it is .not‘surpn'qsing that “mz.my reports of CE development work focus on the
. | important iésu‘_e of detection [33] ) Raman spectresc_opy hae: the pjotential to provtde high‘ .
infonnation(‘content spectfa for sqlutes dissdlued 1n the aqueous media employed rhost
often in CE. ~Moreover, ‘th,e\inh:ereht inefﬁciency of normat Raman scattering has been .
: (overeovme with remarkable success us;ing resonance and surface enhanced techniques. In
‘some tnstanees extremelj low leuels and eventhe probing of single molecules has been
"accornplished hy'surface enhanced Raman spectroscopy (SERS) [140-144]. SERlS' is- |
performed most often by employlng sﬂver collmdal solutlons as the enhancing medium,
: although the preparatlon of effectlve collmdal solution remains somewhat an art form.
- Other substrates that can be reprodumbly produced have also been shown to prov1de large
Raman enhaucemer_lts [142, t44]. There is .a .modest history of employing SERS 1h

planar [143, 145] or liquid [68, 72, 1'46-149] chromategruphy. For example, Fateley and'
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co workeré.added silver colloidal solutions post column and detected organic dyes ﬁsing
21 mm itd. flow céll [146’]' "Spe’ctra v\}ve‘réi: obtained in a stop flow mode for injections of
200 ng of the dyés. Co&on and co véfbrkers detected purine basves, in some cases at low
nanomole injected’ quar;titiés; using "HPLC. iivitlll' i)ost 'se%aratiph addition of silver
“colloi‘dal solutions [147]. Laserna and coworkers found it advantageous to ‘e;r;lploy a
windowless flow cell‘ for SERS detection of bahﬁed cirugs [148, 149]. SERS has not
been employed in CE. Ionwever, Morris and co wo;kefs halv_e published several reports .
of normal Raman ;spect;bscopy detection in conjunction with capillary electrokinetic
separations '[6;7;72];' They made very effective use of the concentrating ‘effects of
cépillary‘ isotacho'p'horeslis to perform normal Raman ; Spectr(;scdpy on-column at
analytically signiﬁ‘c.:ant soluté' cgn;:’entration l‘eVelvs‘L “ In a recent report, these researchers
performed this mode of separation and : det'éctior} on a microchip and eluded to the
- potential for employing a SERS active surface on the chip [69].
- Reported in this chapter is the imblem‘entafciox_l of SERS deteétion for conventional
CE employing a ‘z’onanll mode of separation. Direct on-column surface enhance Raman
| spectroécopy : (S]‘ERS) detection is demonstrated in capillary electrophoresis (CE).
| Riboflavin'and the very SERS active conrlpound) Rhodamine GG are used as test solutes.
Distincti;/é SERS épeétra of two test compounds, riboﬂavin and Rhodanﬁne 6G, are
. obtairied i;l 100 pm 1d fused silica capillariés uﬁder CE conditions using running buffers
. that coﬁtain silyer colloidal s;)lutioﬁ. | A 'cc')‘mrflo'rhl rﬁétﬁod is employed to prepare silver |
E;olloidail éoluti‘ons, which are used directly‘ as runmng 'b_uffer or added to conventional CE
Mng buffers.:‘ It has been sh‘ownAthat optiﬁizatiéﬁ of the size of the silver particles,

relative to the las'ér wavelength employed, is very important in order to realize extremely
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*.large enhancements [150]. C01101dal solution 'op:tiini;ation was not performed in this -
"work. Incorporation of the colloidal‘-sohition into running buffer is shown to have little
effect 'on the,sei)aration\'of the test’ cornpounds as rno\nitored using a ilaser induced
ﬂuorescence instrnmental scheme. ‘Hovvever, }S(ERS spectra degrade if the capillary ‘is not.
] 'rins-ed"between\experiments. ‘The effects 'of nunieroiis ooerating conditions on the quality
of SERS’ spectra obtained under tlowing"conditions in lOO um i.d.v CE capillaries are
) evaluated The | effects ot laser power wavelength spectra acqursrtion time, silver
vcollordal concentration and applred voltage (1 e., flow rate) on the quality of SERS.
'spectra are evaluated.
| Detecti‘on is perl'orrned ‘using an unmodified commercial Raman spectrometer in a
’con.focal rnicroscone mode of operation:" A conimercial »Ram-an instrument is used
‘ Without modification for o‘n‘-colnmn detec[ti‘on.‘ { Rapid sequential acquisition of spectra,
‘as‘: is necessary o p‘r’oducel’i 3-dirnensional (migration t1me versus signal versus
n '-vvavenumber) plots, is ’not possible vvith this spectrometer.' "However, soectra could be
obtained on-the-fly with spectralliacqnisition tirnes that maintain the integrity of CE bands
" (l-second in this works. Using laser oovvers 'ol' 17 mW (at the sample) at 515 nm and .
employ,ing’ l-second spectral acquisition times, snectra with bands exhibiting signal-to-
noise ratios greater than 10 could be ohtained for 1.0 x 10 M riboflavin and very low'
nM concentrations of Rhodarn'ine"' 6&. In this manner, injections of low 'pg and low fg .
quantities of nboﬂavln and Rhodarnlne 6G, respectively, y1elded d1st1nct1ve spectra In

‘the case of the latter solute, the an ected quantlty was approxrmately 90 attomoles
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" EXPERIMENTAL
Materials -

Sodium phosphate (mego,basiq)::and_i sodium .phos’phate (dibasic)-were purchased
from Sigma (St. Louis, ‘MO‘ iJSA)‘«and we‘re-usedvto pfépare runm'ng buffers. Riboﬂavin*
(vitamin B2) (Rb) and Rhodamlne 6G (Rh6G) were purchased from Slgma (St Louls
MO, USA) and used as is to prepare 1 x 10° M stock solutions and diluted as test
compounds. Silver nitrate (ACS grade) and_ sod1ur.n,c1trate were used in the silver sol
preparatio‘n and purcﬁa_sed from Sigma (St.' Lodi‘s, MO, "USA). Fused-silica capillaries
| (100 pm i.d. x 365 pm o.d.) were purchasedfror’ril Polﬁniero Technoiogies (Phoenix, AZ,

USA).

Silver Colloidal Solution Preparation

| ~Silver colloidal solufions were prepared according to a modified Lee and Miesel
. pro“cedu‘re [15 1]. Bﬁeﬂy, '90‘mgr of AgNO; \;vas dissolved in 500 mL of H,O and brought
toa boil. ﬂﬂA 1% solution of sodiurp citrate (10 mL) was added drop ywise over a period of
10 minufes.' The solutien was kept boﬂmg for approximately 1 hr. The final product was
.a gree‘nishiyellow eolor and had an absorption fnaximum at 430 nm. - The silver coiloi-dal
solut1ons were used d1rectly at pH 6 and d11uted as runmng buffer with 25 mM. phosphate

at pH 6.0 for CE experxments

Capillary PreparatAion» |
' Fused silica-capillaries used for CE-SERS and CE-LIF separations (100 pm i.d.
X 365 pm 0.d.) were cut to'a total lehgth‘ef 36-40 cm using 2 capiilary cutter. An on- -
- N - . : ; j »y '147 ] . . N N



column detection window was'ma'de by removin'g a section of the polyimide coating at 15
cm from the- 1n1et end of. the caplllary w1th fumrng concentrated sulfunc acid. For all CE‘

expenments the caplllanes were pre-treated w1th 1M NaOH for 1 hr. followed by 30

m1nute water nnse and an 1 hr ac1d nnse w1th 1 M HCl Caplllanes were rinsed with 1.0
M HCl for 10 m1nutes between 1nd1v1dual expenments and stored in dilute acid (0.1 M

HCl) overmght

CE- SERS Apparatus

SERS spectra were collected usmg a Dilor Model OMARS 89 224 mlcroprobe

spectrometer operated in a confocal mode with an ex01tat10n wavelength of 515 nm or
488 nm provided by a Lexel argon ion laser (Lexel Laser Waterford, CT, USA). A

charged-coupled dev1ce detector is employed A rmcroscope objective (80 X) i 1s used to-

focus the laser-radiation. and to collect the 180° Raman scattenng The CE caplllary was
placed horizontally lnto a plexiglass stage maclnned in house [152]. Aldeplctlon of this
plexiglass stage vis-show in-Figure 4.1. This plexiélass assembl); allowed for the _CE
capillary to be placed andsecured horizontally to allow for CE experiments. The
plexiglass assemlaly was then secured onto' the microscope stage of the Raman
spectrometer thatallowed for x, y,and z tranvselationiof the capillary for focusing the laser
beam through the capillary. A picture ofthe CE-SERS apparatus is shown in Figure 4.2.

Sarnples were ‘analyzed in a 100 um i.d. fused silica capillary. " Capillaries were

 filled with the test analyte with a syringe for static studies and electrokinetically pumped

by a high voltage power supply (Spellman, Brewster, NY, USA) for dynamic studies. All

scans of either 1, 10, or 100 s acquisition were with a grating centered at ~120‘O cm™ and a
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“spectrograph and foremonochromator at 1450 crn'I giving.a.,spectral range of 1024- 1874

cm’ w1th a spectral sl1t w1dth of 4 4 cm All spectra presented were treated using a

| Sov1tsky-_Golay mne po1nt smooth.

g © CE-LIF Apparatus . ;

The"CE-l_aser 1ﬂuorirnetry ins'trum'entation consisted of a 257 nm frequency
. doubled Ar" laser (Lexel Laser Waterford CT USA) used as the ex01tat1on source. The, -

laser beam was focused through the caplllary w1th a 25 mm diameter quartz f1 lens and

' ﬂuorescence em1ss1on was! collected at 90° to the flow cell w1th a 25 mm diameter quartz
f/l lens (Edmund Sc1ent1f1c Bamngton NJ, USA) The ﬂuorescent image was spat1ally

. 1solated using an adJustable optlcal slit (Edmund Scientific, Bamngton NJ, USA). The

, 1solated rad1at1on was passed through a 380 nm long pass. ﬁlter (Edmund Scientific) and

_ (allowed to 1mp1nge on a RP l type photomu1t1p11er tube (Hamamatsu Corp,, Bndgewater

| NJ USA) The PMT photocurrent was momtored by a Pacific Pre0151on Instrurnents
(Concord CA USA) Model 126. photometer The photometer was operated w1th a0ls

, output t1me constant Electropherograms were recorded w1th a program written in house

' usmg LabV1ew and a Pent1um II computer equ1pped w1th an uCDAS 16G data collectlon

“ J«‘ board (Ke1thley Metrabyte Taunton MA) A Spellman. (Brewster, NY USA) Model
840A hlgh voltage power supply was used to apply electrophoretic ﬁelds ‘
Inyj ect1ons for both ﬂuonmetnc and SERS detect1on expenments were performed

) electrok1net1cally by p1ac1ng the inlet of the capillary into the sample vial and applymg

+1 KV for_lO S unless otherw1se -noted. Following rnject1on, the capillary inlet was -
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replaced into the running buffer vial and a running potential ‘df +2.5 kV was applied

across the capillan;y.~ :

SiEM Appar:;tus

A Hitachi S-3'2‘Q)ON. Scanniné Electron Microscope | (Hitachi Scientific
Ins;t-ruments, San jose, CA, USA) was u;ed for all experirrients.‘ Operating conditions
included a beam voltage of 20 kV, prgésure of 20 Pa, and a'workihg distance of 13.1 mm.
~ The images recoréed weré backscattered electron images ‘and were recorded and analyzed

with Scion Image Shareware.

. BESULTS AND'DISCUSSI_ON
Evaluation of Pax"ameters‘
Different parameters (were evaluated to determiﬁe t.heif‘effects on the quality of
SERS specirg in CE aﬁpli;:ations. Figure 4.3 depicts the effect of laser power and
‘acquisition time on the SERS spectruﬁ of Rb obtained with a stagnant 1.0 uM Rb in the
stock silver colloidal solution in the capillary.' With a low laser power (4 mW at the
- sample) and a long acquisition time of 100 seconds, the integrity of the SERS sp;ectrum is
preserved with 12 distinct bands for Rb (not labeled in this‘ case). Conversely, an
increase of laser power to 17 mW with thésame acquisition time results in a substantial

degradation of the Rb spectrum. The spectrum appears to suffer from a broadening of the

Raman bands and an increase in background fluorescence. It is not clear at this point if.

this is due to degradation of the Rb itself or'if it is related to a change in the condition of

the silver colloidal solution or the capillary wall. Of course it could be a combination of
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Effect of laser power and acquisition time on the integrity of a SERS

spectrum.. Acquisition conditions were 1 x 10° M Rb in a 1% w/v silver colloidal
solution under static conditions in 100 um i.d. capillary. Laser wavelength was 514.5 nm
with an estimated spot size of 25 pm. ' '




these effects. It is not likely that the degradation is due to the detector being saturdted
- under thene ,condifcions.» Since the spectra were acquired 'in this study under static
condi'rions‘ the higher laser powers would seem to’ cause the degradation previously
mentloned F ortunately, if a lower acqureltlon time 1s‘used (1 second) with a laser power- »
of 17 mW a good quality spectrum is obtalned w1th a Ingher 31gna1/n01se (S/N) than that
obtained usmg a lower laser power of 4 mW and 1- second acqulsltlon t1me A spectral
acqulsltlon time that is 10% of the temporal peak w1drh should produce negligible band
‘broadening. T‘hus‘," ‘a} 11-§econd ratlcc'1uisition "\;ir‘ne (t) would be 'cdmpatible with non-
detection CE plate c'oun’rs‘ (N) of 40,000 r’or a solnte withln 500-second migration time )
[N =16 (t / 107) ‘2]. Decreasing r,‘vto 0,5-‘seconds would increase this pl‘éte count to
160, 600 which ‘would be ,acceprnhle in most CE lapplications. Therefore, a 0.5-1-second
. acqulsltlon time with a laser power of 17 mW should be suitable for performmg on-the-
fly SERS detection in CE separatlons L
‘Expemnents shown in Figure 4‘13 were done under static condirions. However, in
'_ ‘order to perfo‘nn‘on-tl:he-ﬂ}'/ SERS detection with CE, the analyte of interest will be in a
»ﬂowing syg'rem (r.e; eleetrekinetic.ﬂow under an applied voltage). Table 4.1 summarizes
.‘the results fo.und when 'rh.e jnpplied \iol'rgge was varied over the range of 5 te 15kV nnd
c'ompared to thart of »stntivc- ednditigqne._""Signail‘/nbise ratios of three prominenr bands in the
Rb spectrurh are shown." ,Noiee levels in the’ SERS spectra were quantiﬁed using Grams
‘ 32 Speetral Notebése 'Version'ﬁ.Ol by measnring the height of the noise from peak to
‘ j‘valley As seen in.the table there is an. 1mprovement ‘in S/N from static conditions to

'gdyna.mn;‘ condltlons. However there is httle d1fference between the three different
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Table 4.1. Parameters Affecting S/N of SERS Spectrum

Parameter (S/N) | 1155 cm ' 1347 cm™' 1629 cm!
Static (S/N) 508 | 156 12.4
5kV (S/N) 6.67 - 213 16.0
10kV (S/N) T 6.72 - 22.0 17.1
15 kV(S/N) , T7.02 20.7 15.4
1% wiv (S/N) 207 726 532
0.6 % w/v (S/N) 5.74 15.8 9.41
0.3 % w/v (S/N) 2.06 . 5.09 371
CONDITIONS

e Static study was done by filling the capillary with a 1 uM Rb solution diluted with
silver colloidal solution o :

e Dynamic studies were done by a continuous electrokinetic injection of 1 pM Rb
solution diluted with silver colloidal solution

e Silver concentration study was done by diluting the silver with water and
preparing 1 uM Rb solutions with each % silver colloidal solution
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. applied voltages. " 'l‘his"indicates that everi’mild electrokinetic‘Aﬂow’ will repleriish the
detection zone with fresh'l{b_;sil\'/er colloidal solution leading to irhproved SERiS si;gnals.

| Quantiﬁcatiou of sil‘\\‘ier;particlesz was done by’v.veighirig a known. volume of silver
colloidal solutiori and suhtractirig the_weight ofa same \iolume of water and calculating a
Weight'percent taldng 1n accouiit thedensityi of‘ sili/erto be 10 g/mL. The st‘ock“silver
colloidal solution was deterrnined to be 1% w/v. Th1s solutiori has a pH of approi(irriately
6 and rio effort was made t‘o‘adjust the pHtoa good buffering region forcitrate-citric acid
buffer. A study of the‘effect of the conceirtratiori of thev silver colloidal solution on the
iqualityiof the SERS ‘spectrum of Rb was,also performed. Table 4.1 sho‘ws S/N for the
stock solutions and two lower concentration solutioris resulting from dilution with a pH
6.0, 25 mM phosphate running buffer."iThree bands for lib were.chosen based on their“ :
location in the SERS spectrum and their reproducibility. Signal-to-noise ratios were
calculated ﬁom a single SERS vspectrum As the concentratlon of colloidal solutlon is
decreased SERS 31gnals dimimshed dramatically as seen. in the table. Concurrently, the
| quality of the SERS spectra degrades to a pomt where the three bands of interest are
barely detectable. As shown in Table 4.1, the stock s1lver colloidal solution produced the
" best SERS spectra for Rb. Therefore, the 1% w/v stock silver colloidal solution was used
as running buffer for :‘all-su‘bsequent experirnents.

With the: experiments perforrried to create the data in Table 4.1 it was determined
that acid rinsing was needed after a perlod of time to preserve the integrity of SERS
, spectra. It is assumed that a gradual build up of s1lver particle on the walls of the
capillary occurs with constant exposure to the flowing colloidal solution. The spectra for
Rb shown in Figure 44 illustrate.t'his effect. All spectra in Figure 4.4 were acquired with
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a 10 second time constant. Figure 4.4a depicts the initial SERS spectrum of 1 x 10 Rb
with a newly prepared capillary. Without rinsing the capillary after the initial run, the
SERS spectrum degrades in less than 20 minutes (see Figure 4.4b) and further degrades
in 60 minutes (see Figure 4.4c) with very poor resolution and an apparent increase in
fluorescence background. However, rinsing the CE capillary with 1.0 M HCI rinse for
approximately 10 min (see Figure 4.4d) the integrity of the 'SERS spectrum is preserved

and is reproducible to the initial spectrum shown in Figure 4.4a. Therefore, it was

~ deemed necessary to rinse the CE capillary after each run with 1.0 M HCI for 10 minutes

to obtain high quality, reproducible'SERS spectra.

Matching excitétion wavelength'fo silver parficlé size has been shown to be a
critical parameter in producing large SERS enhancements [86]. We performed a
comparison of the argon ion laser wavelengths of 488-nm and 515-nm. The effect on Rb
SERS spectra was minimal but the effect on Rh6G was significant. The S/N of three
arbitrary bands were observed to be about 5—fo-6—fold better for the 515-nm laser line.
Moreover, the 488-nm line resulted in more Rh6G fluorescence background. This
fluorescent background masked the SERS effect in the 488 nm case; hence, smaller S/N
ratios were observed for each of the three bands. This increase in fluorescence
background for 488 nm may be attributed to a mismatch between particle size and laser
wavelength or a result of poor rinsing of the capillary with 1.0 M HCl solution.

The presence of a narrow ‘size. range of “hot” particles that produce large ( > 10'%
enhancements has been documented. Nie and co workers used atomic force microscopy
to determine that the “hot” particles for 488-nm, 568-nm, and 647-nm excitation had
narrow size-ranges centered around 70-nm, 140-nm, and 195-nm, respectively [150]. We
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have made no effort to optimize the size distribution of particles in our colloidal
solutions, nor have we sieved these particles to produce narrow ranges that could be
matched to the excitation wavelength. Thus, Awe did not expect a dramatic wavelength
effect in this study.

A scanning electron micrograph of the silver particles used in these studies was
obtained and demonstrated a wide particle size distribution with many large particles or
particle aggregates > 200 nm. Figure 4.5 shows a scanning electron micrograph of the
silver particles used in these sfudiesf There is clearly a wide range of particle sizes and
even evidence‘of agglomerations of particles. While this is not a straight forward project,
the presence of a greater number of properly sized particles and the absence of poorly
sized particles that dilute the effect of “hot” particles should greatly improve signals in

future SERS-CE work and represents strong motivation.

CE-LIF Detection

Before attempting an on-the-fly CE éeparation with a SERS mode of detection,
separation conditions were tested and evéluated in a more traditional LIF mode of
detection to determine the effect, if any, the silver colloidal solution may have on the
integrity of the CE separation of Rh6G and Rb. Figure 4.6 shows electropherograms for
Rb and Rh6G separations using normal phosphate running buffer and the stock colloidal
solution as running buffer (both at roughly pH 6). The points labeled A, B, and C in
Figure 4.6 corresponds to the three different one second acquisition points, which would
be used for the on-the-fly CE-SERS case (see next section). The peak shaped observed in

Figure 4.6b is somewhat poorer than often observed in CE. This is possibly due to some
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Figure 4.5.

SEM micrograph of 1% wi/v stock silver colloidal solution. A drop of

solution was deposited on a silicon wafer and allowed to dry prior to obtaining the image.
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wall adsorption and the fact that the capillary i.d. is at the upper range of those employed
Fin CE. The small additional peaks in Figure 4.6a may be due to scatter by large colloidal
aggregates or simply laser fluctuations. Although an LIF instrumental arrangement was
used to obtain the electropherograms, it is largely the broad envelop of Raman bands that
are isolated by the LIF emission filter in the case with colloidal particles. The differences
in relative peak heights of the test compounds for the two running buffers is likely due to
differences in fluorescence quantum yields and Raman enhancements for these
compounds. Important LIF detection parameters such as background and noise were
rhpnitored aﬁd little change was observed with the use of the colloidal solution, although
electrophoretic current was 5 — 10 pA higher. The RSD’s for migration times in the
presence of the colloid were 5% and 3% respectively for Rh6G and Rb. Low running
voltages (2.5 kV) were used to allow for the SERS detection of CE bands on-the-fly (see
below).

It is well known that large SERS enhancements occur for solutes adsorbed onto
the substrate. It is interesting to note that the migration times do not change substantially
(< 10%) comparing Figure 4.6a and 4.6b. If the large SERS effects We observe are due
to solutes irreVErsibly adsorbed onto these large (relative to solutes) colloidal particles in
the running buffer then one v;rould expect substantial changes in migration times and/or
peak shape. Most likely there is a bound/unbound equilibrium with fairly rapid exchange
kinetics. The bound soluteé provide the largest SERS enhancements but the equilibrium
appears to favors the unbound state because of the minor influence on migration rate.
The situation may be similar to other foﬁns of on-column labeling in CE such as the use

of running buffers containing intercalating dyes to measure DNA or chelating ligands to
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measure metal ions [56, 153]. If one 10_qks closely at.’thg: péaké it app‘g:ar's';che_re; is some

. minor broadéning in Figurerf4.6a ,re14ative.’ ’Lo 4.6b, which ingy‘ bé a- consequence of :the':
bounci]unboﬁr;d exch@ge kiﬁctiés. If kinetics are rai)id then mass transfer Lb'etw'e‘e.n. RN
solute_miératiné;~as free \specv_ie’s or as pérticle bofmd svhould;“not limit efﬁcvienc;,y' [5 6," 153].
~ This appear§ to be mostly the case 1n these ;c,tudies.l' | |
CE-SERS Detection
| As alluded to p'revioﬁsly, the ciaté aéquisitiqn'éép‘gi)iliti.e:s'of thé specﬁgmgfér S
used in thcsé étﬁdies did not pemiit the ac\quis%tion of automated repetitive scans.. Thus,
it wé'.s not possible | to\ éfoducg }’in’gensi‘ty,‘ wéyénumber, and migration tirr}e as an
appropriate thrg&di:ﬁensiqnal, plofc; It was ‘possiﬁl;e, howcve.r, to use spéctfal acqilisitiori‘,
times ‘that‘- ﬁaintain the integrity of CE'separatior-ls, ;)bserve spectra at numeroué poiﬁts
along ;che ‘course ,qf; a separation, and save relevant observed spectra‘. To sﬁnplify
catching a spéctrurﬁ n‘eér';barvld center the é.pplieci ‘ch)ltgge‘ was .' faifly‘ low in this work
(Z.SkV). \' Nei}eﬂheleé_;, the separation was ac,complishefl in just over 10 minutes. "Weﬁ. -
4 feel that. ,expérirr;‘ents' performed- ir; this m;mnef fu111y demonstrate ‘;he 'capability ‘of;
‘acquiring SERS spéctra‘ on-the-fly under realistic CE conditions. | |

The s}ﬁectra shown4in Figure 4.7 were obtained on-the-fly for a separation at
-points that 'c;or'l;espond to A (Rhagj band), B, (baseline between bands), and C (Rb band)
shown in F igufe 4.6. These spect%}az were z;.échuirgd. by using a 1-second acquisition time
and a)laser powef of 17 mW at,tI;e sample. er believe ‘thisr is thé first such report “for on-
. the-ﬂy CE-SERS detecfi{éri.i | Thé: cofréspor;ding wave numbef assignments are made for
both Rh6G and Rb and.éér‘re'sp()n_d well to- those prev-i.ously reported in the literature
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\ Figure 4.7. CE-SERS spectra. The spectra corresponding to points A, B, and C in
Figure 4.6 are (A) SERS spectrum of 1 x 10 M Rh6G injected with an elution time of 9
minutes (B) Blank spectrum between the two analytes of interest at a time of 11 minutes
(C) SERS spectrum of 5 x 10 M Rb injected with an elution time of 13 minutes. CE

: conditions were same as in Figure 4.6. SERS conditions were 514.5 nm, 17 mW, and 1 s
acquisition time. )
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[154, 155]. It is shown that on-the-fly CE-SERS detection is feasible upon the addition

of non-optimized silver colloidal solution as running buffer for a separation of two test
compounds. The amount of Rh6G injected is 90 attomoles (9.0 nL at 1.0 x 10® M).
Assuming a Guassian band profile, the concentration of Rh6G at peak center is 2.7 x10”
M. Thus, spectra have been acquired (S/N for most bands > 10) on-the-fly at
concentra;tions of approximately 10 M (see Figure 4.7). With optimization of the silver
colloidal solution and other parameters we expect improved detectability. Improvements
in spectrometer design are also desirable both in terms of increasing signals via greater
optical throughput and increasing spectra collection frequency (see below).

A preliminary evaluation of improvements in the spectrometer design was done.
The Dilor instrument was upgraded with a new CCD detector and software which would
allow for continuous, sequential spectral acquisition allowing for higher CE flow rates to
be used. To test the capabilities of the instrumental improvements? a four component
mixture containing Rh6G, Rb, sodium fluorescein (Fl), and dibenzylfluorescien (DBF)
was used. Figure 4.8 is a CE-LIF separation of the test mixture with a RB containing Ag
colloidal solution, 2 mM sodium borate, and 10 mM sodium chloride (NaCl). Using a
higher CE flow rate (8 kV) than previously used, all four components are separated in
under six minutes. Figure 4.9 is a three dimensional (3D) plot of the same four
component separatioﬁ shown in Figure 4.8, but with SERS detection demonstrating the
feasibility of the instrumental improvements. On-the-fly spectra were acquired for one

second every two seconds in a continuous format for a period of seven minutes.
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Time (minutes)

Flgure 4.8. CE-LIF separation-of four component mixture. Elutlon order 18 (1) Tx 10 6.
"M Rh6G, (2) 1 x 10° M Rb, 3)1x 10°"M DBF, and (4) 1 x 10° M Fl. RB contained .

- S _, _

silver colloidal solution in 2 mM sodlum borate. and 10 mM NaCl The CE runmng
" voltage was 8 kV. : : ) ‘
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CONCLUSIONS

The successful f1rst couphng of CE W1th SERS detectlon was demonstrated A
test separatlon of two test compounds Rh6G and Rb showed was shown. Even though
optimal CE cond1t10ns were. not used (1 e hrgh electroklnetlc ﬂow rates and smaller i.d.

caplllanes) for thls test separatlon.the ‘1ntegnty of the separatlon was malntamed Little

effect on the 1ntegr1ty of the CE test separatlon was shown when 1ncorporat1ng silver .

colloidal solutlons as a buffer addifive i 1n CE Parameters that affect SERS spectra such o

as laser power, acqursrtlon«ttlme,‘(laser wavelength,. and nnsrng of the CE caplllary was .

* shown. In addition, ‘pre,'ldirnina”ry Awork, whrch allowed for the acquisition of -'spectra 1n a

continuous format, was doné generating useful 3D plots of wavenumbers vs. time vs.

intensity.
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CHAPTER 5

CONCLUDING REMARKS

Overall the development of detect1on methodologles for CE was a testing and
gratifying experience. The snccessful .advxancement and implementation of these
detection methodol'ogr'es is d,esc"ribed‘.' Although conclusions were drawn in eaeh of th.e
preeeding data ‘chapte'rs, an overall eonclusion, with some remarks regarding the future of
the deseribed detection methodologies,_ is providedlhere.

- The previous development of the'.:CEl'\/ISA technique for the study of DNA-
protein interactions combined the advantages' of CE with those of a mobility shift assav.
A well—eharacteriied svstem between the trp repressor of E. coli Iand the trp operator
serve'd as a test assay for this new technique ~ Different methods of detection served'to be

L problematlc for CEMSA One method employed was to ﬂuorescently label the DNA,

| Wthh allowed for LIF detect1on 1nstead of rad101abe1ed detect1on However th1s pre-
: column denvat1zat1on approach suffered. from poor labelmg efﬁe1enc1es. In add1t1on,
another‘method tried was ‘the usé of anﬁ lntercalatlon dye such as EB to help improve
deteetion sensitivity of t{hes’yst'em; h:owever,»pro‘blems "arose. .F‘or instance, upon the °
addition'vof EBI -pre;' or on- c'olnmr‘l the DNA-proteinvinterayction wasdisrupted. In»order

to preserve the 1ntegr1ty of the DNA-protem 1nteract1on and allow for lower detectlon

t 11m1ts a new des1gn was warranted Comblmng the advantages of supenor detection

lsens1t1v1ty and the use as a poSt-column reactor cell SFCs were. employed. ' The SFC-
arrangement allowed for a post-colurnn denvat1zat1on procedure where the EB was added
after the separat1on; therefore the DNA-protem interaction was ma1nta1ned—.

169



Furthermore, the SFC approaéh improved LIF detection limits for a sample of DX-174
DNA digested with Haelll |

While this implemehtation of the SFC arrangement as a post-column
derivatization cell for DNA-prptein interaction was successful, further improvements can
be made. Alternative intercalating dyes or moré efficient ‘ﬂuores;:ent labeling procedure
could be used to increase the detectability of the DNA-protein interaction. In addition,
increased sensitivity could be accomplished by an improvement in the SFC design that
would facilitate an easier more reproducible optical alignment procedure. With these
improvements in the SEC design, additional studies on the ¢rp repressor/trp operator can
be done that would include the determination of a variety of parameters inherent to DNA-
protein interactions.

Many SFC 'designs used today are based on the same geometry of "ﬂow cell and
optical setup. There are drawbacks to these designs including difficulty in alignment,
intra day reproducibility, size and cost. Most traditional LIF setups whether based on a
SFC or other cell arrangement, use far-field imaging to spatially filter any background
signal. A refinement in these approaches was warranted.

A new pre-imaging mode of spatial filtering was introduced successfully reducing
sources Véf background from Rayleigh scatter, spectral scatter, and fluorescence. The pre-
imaging mode offered the added advantage over far-field imaging in that itvoccurs right at
or very mear the optical interface between the excitation source and the flow cell
eliminating additional thic;a}l compéﬁgnts, thus dramatically reducing the size of the
optical apparatus. Further;norq;l with this design t'hlepptical aiigmnent became easier and

more reproducible. However, in order to use the pre-imaging mode of spatial filtering a
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non-traditional regtangular -ﬂow cell geometry was employed offering the same
advantages as previously mentioned SFCs. In addition, the proposed SFC design can be
effectively used with an UV laser as an excitation source which expands the range of
analytes that can be used without some form of derivatization. With the previously
mentioned features, this new rugged, compact design can be used for routine practical
analyses.

Qualitative analysis-in CE is often acéomplished by peak identification from
migration times, which can'.‘t‘)e‘ difﬁcult .due to poor run-to-run reproducibility from

varying flow rates or column degradation. If it were possible to obtain structural

information from an actual CE separation, then the affects of these sources of poor

reproducibility in CE would be minimal. With the first ever coupling of SERS detection
to CE, obtaining structura’il information from a CE separation was realized. With the
recent introduction of CE-SERS, many cursory studies important to the development and
future of this detection methodology were necessary. The effects of included laser
power, acquisition time, laser wavelength, silver particle concentration, and running
buffer composition on the integrity of SERS spectra were done. The applicability of this
method was demonstrated with an on-the-fly spectrum obtained for a two component

mixture. In fact, in the case of Rh6G an injected quantity was approximately 90

_attomoles. However, there is room for improvement. Preliminary work on instrumental

improvement yielded a 3D plof for the separation of a four component mixture by CE.
~Future studies may ‘include the optimization of the silver colloidal solution

preparation in terms of reproducibility and particle size. It may be important to match

| particle size with excitation laser wavelength. The use of smaller i.d. capillaries (75 pm)
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‘ \withlﬂhigher CE fiow .rz;lt:es‘ ‘(‘a‘i';‘)pliecivdl,tége’) will allow for a more complex test separation
’;Q be used.‘ I,mproved in'st.rum;enta;.tion capable of ’ac’qu;iring data in a"repefitiVe mode in
7( fastcr times _w01_11d allow a rﬁore “realistic” CE 4rr‘10d<e of operation and use the data to
geﬁérate~3D plots (i'rlt’énéify Vs. wavepmnber yvﬂs. tjmej. In addition, a real world sample
1s ﬁeeded' to demonstra-lt‘e‘:‘SERS as a viable detection method for not only CE but also for
. . lthe sciéntiﬂc cominunitj. Bééause CE-SERS has just receﬁtly been intfodu;:ed, much is
still "being learned and many possible applications éxist for this gxciting detection
me"cho‘dology; o |
In concllisioh, it has been shown that these‘inn‘ova'tive detection methodologies
further promote_:‘ CE aVs» a‘pov&érful “a.tvldalytical tool. In the preceding chépteré, each
demonstrating an indi{/idﬁal dgtcétion:). method that .set, the stagev for the fufthef
development‘an’d im.plement‘a.t‘iqnv of CE iﬁtq the geéerél sjcienti‘ﬁc community. While
Hs'om'e" ',of these detgction rﬁe;thqcl;glqgics négd refinement, ﬂ.lf,:y’ _§yill become more robust

and significantly more important as they continue to grow and mature.
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VITA

William Franklin Nirode wés bomn in a small town outside of Cleveland, Ohio in 1973.
He was raised in this séme small town and gréduated from high school in 1991. After
graduation he entered Baldwin-Wallace Céllege in Berea, Ohio a short distance from
Clevela;nd, Ohio where he graduated in 1995 with a Bachelor of Science degree in
Chemistry. Upon graduatfon, he entered graduate school at The University of Tennessee,
Knoxville undertaking research in analytical chemistry. He eamned his Ph.D. in
Chemistry in July 2000 and will _Be emplISyedv at Hofstra University in Hempstead, New

York as an assistant professor of anal};tical chemistry.
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