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Abstract

Capillary electrophoresis (CE) is a separation technique based on the differential
migration of solutes in an electric field. In CE, one of the long-standing problems is the
poor detection sensitivity, especially when ultraviolet detection is used. Several pre-
concentration techniques were utilized in this thesis for enhancing the detection
sensitivity of CE with laser-induced fluorescence detection (LIF).

High-salt stacking, originally proposed by Lander et al., was applied to enrich
fluorescently labelled alkylphosphonic acids in micellar electrokinetic chromatography
(MEKC). By adding sodium chloride to the sample solution, a discontinuous buffer
system was created in the capillary. The difference in conductivity at the sample zone ~
MEKC buffer zone interface resulted in the deceleration and accumulation of sodium
cholate micelles at the zone boundary and the subsequent concentration of hydrophobic
analytes. An enrichment of approximately 10 fold was obtained.

Enrichment of analytes can also be achieved based on solid-phase extraction (SPE)
in either an off-line or online manner. A 200-ul micropipette tip packed with anion-
exchanger beads was used for offline SPE extraction of glyphosate, a herbicide, from a
spiked river water sample. Subsequent elution of the retained glyphosate and fluorescent
labeling allowed detection of glyphosate in the sub-nanomolar range. An approximate
88-fold preconcentration was observed by using such an off-line resin-packed SPE
pipette tip.

SPE-based on-capillary preconcentration was developed by entrapping HPLC
bulk packing (PRP-1) into a sol-gel silica monolith in a short segment of capillary and

attaching the prepared SPE capillary to the tip of separation capillary. After fluorescent
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labeling, two herbicides, ampropylfos and glufosinate, were extracted onto the PRP-1
beads, followed by elution and CE-LIF analysis. The charge states of analytes were
found to affect the extraction ratio, which can be improved significantly either by
reducing the pH or by adding salt to the sample solution. Examination of the PRP-1
packed silica monolith by scanning electron microscopy (SEM) found that PRP-1 beads
were encapsulated by a silica shell. A very small fraction of PRP-1 beads had exposed
surface for extracting hydrophobic analytes. This problem was solved by partial
digestion of the silica shell using a pH 9.4 borate buffer. With significantly increased
PRP-1 bead surface and salt effect during sample loading, 1260- and 580- fold
enhancement of detection sensitivity were achieved for ampropylfos and glufosinate,
respectively.

Finally, in an alternate project, a capillary gel electrophoresis (CGE)-LIF method
using a polyethylene oxide (PEO) polymer sieving matrix was developed for separation
of five model proteins. For the first time, detergent differential fractionation (DDF)
technique was combined with CGE for the sequential fractionation and protein profiling

of HT29 human colon adenocarcinoma cell extract.
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Chapter 1. Introduction

1.1 Principles of capillary electrophoresis
1.1.1 History

Electrophoresis, as a physical phenomenon, was reported as early as the late 1800s.
For example, in 1886 Lodge reported H' migration in a U tube of phenolphthalein
“jelly”!. Since then, fundamental studies have been conducted for the development of a
separation technique based on the differential migration of charged analytes in an electric
field. Due to the major technique problem encountered in free solution - convective
mixing - electrophoresis has been practiced for a long time in the slab gel format, in
which stabilizing media such as acrylamide, agar or cellulose powder, is added. Also, to
reduce thermal convection, the applied voltage had to be limited to several hundreds of
volts. This limited the application of electrophoresis to macromolecules with low
diffusion coefficients. Today, slab gel electrophoresis is still widely used in biochemical
laboratories for the separation of macromolecules such as proteins and nucleic acids. In
particular, two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) can provide
simple, inexpensive but powerful separation for complex matrices.

An alternate approach is to run electrophoresis in a capillary tube of small internal
diameter. The capillary can dissipate joule heat much better than slab gel format and thus
the applied voltage can be increased up to 30 kilovolts. Fast and high-performance
separation is therefore possible. The experiments by Hjerten et al. with 3 mm i.d tubes in
1967 are commonly acknowledged as the first milestone in capillary electrophoresis (CE)

history 2. The early days of CE were predominated by capillary zone electrophoresis
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(CZE) and only ions can be separated. In 1984 Terabe and coworkers set another
milestone in CE history by introducing micellar electrokinetic chromatography (MEKC) 3.
The analytes are no longer limited to the charged solutes because neutral analytes can be
separated based on the difference in the analyte’s affinity for the micelles. The last two
decades of the 20™ century have witnessed the explosive development of CE, including
fundamental theories, instrumentation and applications > *%. The great success of CE in

the Human Genome project made CE among the major separation techniques .

1.1.2 Basic Instrumentation

Nowadays the commercial CE instruments consist of the following key components,
as shown in Figure 1.1: (a) a bare silica capillary with uniform i.d of 10 ~100 pm and o.d
of typically 360 pm. An air or coolant thermostating system is usually utilized to
facilitate joule heat dissipation. (b) CE running buffer in the inlet and outlet buffer vials
and also filling the capillary. (c) a pressure-driven system used to inject sample solution
hydrodynamically and rinsing capillary between runs. (d) a high voltage source providing
up to 30 kV DC voltage. (€) a detector such as ultraviolet-visible light spectrometry (UV)
or diode array, mass spectrometry, laser-induced fluorescence (LIF) or electrochemical
detector. More details will be discussed in Section 1.1.7. (f) control and data process
devices, usually coming as a computer and specially-designed software.

The CE process can be briefly described as follows: A capillary is filled with a
suitable buffer solution and both ends are immersed in the buffer vials. A short plug of
sample solution is introduced into the capillary by voltage or pressure. After the inlet tip

of capillary goes back to inlet buffer vial, high voltage is applied across the capillary.
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Differential migration of analytes occurs. Detection is performed either on a transparent
detection window several centimetres away from capillary outlet tip (as done in most 1TV
and some LIF detection, shown in Figure 1.1) or at outlet-tip (as done in sheath-flow LIF

detection and electrochemical detection) or connected to other post-column detectors

(such as a mass spectrometer).

Detecm/

Capillary ¢

Sample

Figure 1.1 Basic CE instrumentation

1.1.3 Electroosmotic flow (EOF)

Electroosmotic flow (EOF) is the bulk flow of the CE running buffer in a capillary
under an applied electric field. It is the major driving force in capillary. It results from
the surface charge on the inner wall of capillary. Fused silica, for example, has weakly
acidic silanol groups (-SiOH) with pKa of ~ 5.3 °. If the CE running buffer is at pH 2 or

-
o)
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above, which is the case for most CE experiments, the inner wall of capillary is
negatively charged and thus a negative plane is formed on capillary wall. To maintain
the charge balance, cations in running buffer build up near the capillary wall to form a
positively charged plane. Thus an electric double layer appears. A negative potential
occurs between the double layers and decreases roughly linearly towards the bulk
solution. Beyond the double layers, the diffusive layer of hydrated cations extends
toward the bulk solution and thus the potential continues to decrease exponentially to
zero. The potential at the plane of shear located slightly beyond the double layer is
referred to as the zeta potential (£). Upon application of voltage, the hydrated cations in
diffusive layer migrate toward the cathode and thus carry the bulk solution in the same
direction. Since such driving force is uniform across the capillary, the flow profile is flat,
unlike the parabolic profile in a pressure-driven system.

The EOF mobility ( z.,-) is related to zeta potential by the Smoluchowski equation:

£ (Egqn 1.1)

Heor =~

where ¢ is the dielectric constant and # is the viscosity coefficient of CE running buffer.
The zeta potential (£) is a function of the surface charge density on the capillary
wall. Any experimental variable that changes the surface charge density can be used to
adjust the zeta potential and thus the EOF. This can be accomplished by: changing the
buffer pH or ionic strength; adding an organic solvent modifier; or using surfactant semi-
permanent coatings /covalent permanent coatings to shield or alter the surface charge.
The EOF may also be adjusted by varying the viscosity (#), for instance by changing the

temperature or by adding organic solvents).
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1.1.4 Electrophoretic mobility

When a charged particle, which may be an ion or even charged virus, is present in
an electric field, it will migrate depending on it charge state. The steady state of
migration is the result of the counterbalance of electric force and friction force. The

mobility of steady-state migration is approximated from Debye-Huckel-Henry theory *:

p=—2 (Eqn 1.2)
6rnr

where 4, is the ion electrophoretic mobility, g is the ion charge, and r is the hydrated ion

radius. From the above equation, one can see that ions are separated in CZE roughly
according to their charge-to-size ratios. For weak acid /base analytes, the change in
buffer pH will lead to the change in charge (g) of the analytes 10 This can be used to
accelerate /decelerate the motion of charged analytes at the boundary of discontinuous

buffer zones to stack such analytes (as discussed in Section 1.2.2).

1.1.5 Major modes of separation

Capillary zone electrophoresis (CZE) is the most commonly used CE operation
mode. Micellar electrokinetic chromatography (MEKC) ranks the second, although there
are many other modes of operation such as capillary gel electrophoresis (CGE), capillary
isoelectric focusing (CIEF) and capillary isotachophoresis (CITP). In this thesis, CZE,

MEKC and CGE were used and thus their separation mechanisms will be discussed here.

1.1.5.1 Capillary zone electrophoresis (CZE)
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As mentioned above, CZE has been the predominant operation mode for CE. In
CZE the apparent mobility (,) of an ion is the summation of the ion’s electrophoretic

mobility (u.) and the EOF mobility (uzor), as illustrated in Figure 1.2:
Ho =M, T Heor (Eqn 1.3)
The apparent mobility is experimentally determined by:

LI,
(v

m

Hy = (Eqn 1.4)

where L, is the total length of capillary, L, is the capillary length from the inlet to the
detection window, ¢,, is the migration time of the analyte, and ¥is the voltage applied
across the total capillary length. A special case is when the solute is neutral (for example,
mesityl oxide) and thus has no .. In this case, u, equals ugor.

Normally EOF is stronger than the electrophoretic mobility, and thus all solutes -
cations, anions and neutral solutes - migrate in the same direction as EOF, i.e. from anode
to cathode. The EOF is the major driving force. However, the electrophoretic migration
velocity depends on the charge of ions. Cations intrinsically migrate with the EOF while
anions migrate against the EOF. As a result, in CZE cations always come out more
quickly than anions. For ions of same charge sign, the slight difference in charge /size
ratio can still lead to separation. Neutral solutes have no electrophoretic mobility and
thus all neutral compounds move at the same velocity as the EOF and can not be
separated by CZE. However, neutral solutes such as mesityl oxide can be used to

measure the EOF.
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Figure 1.2 CZE separation mechanism.

Similar to chromatography, peak broadening is also observed in CE. This must
be well studied and controlled to achieve optimal resolution. In CZE, the major
bandbroadening factor is longitudinal diffusion, which refers to the axial diffusive
spreading of the solutes in the sample zone into the bulk running buffer solution. The
variance of peak width due to longitudinal diffusion is given by:

ohy =2D1, (Eqn 1.5)
where D is the diffusion coefficient of the analyte and ,, is the migration time. To
minimize the longitudinal diffusion term, a high voltage is essential to speed up the
separation so that the analytes have less time to diffuse.

Radial diffusion is usually negligible due to the plug flow profile of the EOF in

CE (Section 1.1.3). Convection bandbroadening is also unimportant because the small i.d
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of capillary limits the convection. However, there are some other sources of

bandbroadening which require attention in practical CE experiments:

(a) Joule heating. The passage of electric current results in the generation of heat, which
must be dissipated effectively by the air or coolant thermostating system. The
excessive generation of heat is problematic and can cause temperature gradients
which lead to local changes in viscosity and thus zone broadening. An Ohm’s law
plot can be used to check if Joule heating is a problem. To generate an Ohm’s plot
the current is monitored as different voltages are applied across a capillary filled with
the CE running buffer. The loss of linearity in the current vs. voltage plot at higher
voltages indicates that the generation of Joule heat has exceeded the thermostating
capacity. To control Joule heating, voltage and/or buffer ionic strength should be
decreased. Normally the power must be kept below 1Watt per meter length of
capillary.

(b) Solute-wall interaction. Cationic analytes can adsorb onto the negatively charged
capillary wall which will lead to peak tailing and broadening. This is especially
evident for proteins and peptides. One way to minimize such adsorption is to operate
at the extremes of pH to adjust charge state of analytes or capillary wall to decrease
the charge interaction. Another approach is to coat the capillary wall permanently or

semi-permanently and thus shield the charges on capillary wall.

The efficiency, expressed in number of theoretical plates, N, is given by:

N =ZLE)_2 (Eqn 1.6)
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where Z o represents the total variance of all bandbroadening factors (i.e., longitudinal

diffusion, Joule heating, adsorption, etc.).

In chromatography and other separation techniques, the degree of peak separation is

measured by the resolution (R). The resolution in CZE is given by:

“lnes (Eqn 1.7)
4 K,

where N is the efficiency, Au is the mobility difference between two analytes and ,u_,,

is the mean apparent mobility of the analytes. This equation shows that the resolution is
the combined effect of two factors: efficiency and selectivity. To achieve better
resolution, it is desirable to improve the efficiency (V) as discussed above and increase
the mobility difference (Au ) by, for example, changing the buffer pH or adding additives

such as cyclodextrins or micelles.

1.1.5.2 Micellar electrokinetic chromatography (MEKC)

In MEKC, surfactant is added into running buffer at a concentration above its
critical micellar concentration (CMC), such that the surfactant molecules aggregate to
form micelles. Sodium dodecyl sulphate (SDS) is used in most MEKC experiments. It
has a negatively charged hydrophilic head group and C12 hydrophobic tail. Above the
CMC, SDS micelles have a spherical structure with the hydrophilic head groups facing
the bulk solution and hydrophobic tails oriented towards the micelle core, as shown in
Figure 1.3. Neutral anaiytes can partition into the core and thus migrate with the micelle,

or come out of micelles and thus move with EOF. There is an equilibrium between the
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“In” and “out™ states. Note that the SDS micelles are negatively charged and thus
migrate more slowly than the EOF. The higher affinity the analyte has for the SDS
micelles, the lower the migration velocity. Analytes with differing affinity for the SDS
micelles are thus separated.

Unlike CZE, MEKC has a “migration time window” that is defined by the
migration times of the micelles (#,,c) and an unretained solute (zp). A completely
unretained neutral solute with no affinity for the micelles will always stay outside
micelles and migrate with the same velocity as the EOF (#p). On the other hand, a solute
with extremely strong affinity for the micelles will always stay inside the micelle and co-
elute with the micelles at tme. Thus all neutral solutes will elute within this period of time
(0 t0 tmc). A wider migration time window would increase the peak capacity and enhance
resolution. This can be accomplished by selecting micelles with high mobility against the
EOF, or decreasing EOF by the addition of organic solvents (as discussed in Chapter 2).

MEKC is the hybrid of chromatography and electrophoresis and the partitioning
of solutes in and out of micelles is actually a chromatographic process, but the pseudo-
stationary phase, i.e., the micelles are moving. To reflect this fact, the retention factor &'

must carry a correction term:

(Eqn 1.8)

where £, is the retention time of the analyte, #) is the retention time of a completely
unretained solute, and ¢, is the micelle migration time.

Correspondingly the resolution equation in MEKC is given by 6

10
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R=( 4) )(k +1)(1 (°)k

) (Eqn 1.9)

where N is the number of theoretical plates, a is the separation factor defined as (% ).
1

This equation illustrates that resolution is improved by extending the elution time
window or by optimizing efficiency (V) and the separation factor (e ). The separation
factor can be easily optimized by varying the concentration and type of micelles or by

adding buffer additives such as cyclodextrins.

Figure 1.3 MEKC separation mechanism
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1.1.5.3 Capillary gel electrophoresis (CGE)

Capillary gel electrophoresis (CGE) is actually the capillary version of traditional
slab gel electrophoresis but is much faster due to the use of 10 ~ 100 times higher electric
fields. CGE is used only for size-based separations of macromolecules such as proteins
and nucleic acids. The key thing in CGE is to fabricate a polymer network with suitable
pore size for “sieving” the analytes. This can be done using either cross-linked polymers
or linear polymers. The former is performed by in-situ covalently cross-linking
polyacrylamide to form a rigid sieving network. This approach has less flexibility and
limited lifetime due to bubble formation and polymer degradation. The later is more
flexible by adding a linear polyacrylamide, hydroxyalkyl cellulose, polyethylene oxide or
other linear polymers to running buffer to make a polymer solution. If the linear polymer
is above its entanglement threshold concentration, it forms a dynamic entangled mesh
structure with “transient pore” size depending on the type and concentration of linear
polymer. Size-based mechanism means larger analytes are more strongly hindered than
smaller ones when migrating through the polymer network (Figure 1.4).

In CGE, electric injection is usually preferred since the viscous linear polymer
solution or rigid cross-liked polymer network makes it difficult to inject sample
hydrodynamically. The column efficiency is satisfactory primarily because (a) the
macromolecules have lower diffusion coefficients and (b) high viscosity of polymer

solution decreases the diffusion bandbroadening.

12
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Figure 1.4 CGE separation mechanism. The arrows pointing to the right represent the
electrophoretic forces that are equal for analytes with the same charge-to-size ratio (e.g.,
SDS-denatured proteins). Note that normally the EOF is suppressed in CGE by capillary
coatings. The arrows pointing to the left represent the resistance that the analytes
experience when they go through the gel network. Large analytes experience greater

resistance and thus migrate more slowly.

1.1.6 Detection

Almost all commercial CE instruments are equipped with a UV absorbance
detector because of its low cost and wide range of applicability. Many analytes can
absorb light to in the UV or visible region. According to Beer’s law, absorbance (4) is

given by:

A=log17°= ebc (Eqn 1.10)

13
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where Iy is the intensity of the incident light, 7 is the intensity of transmitted light, ¢ is the
molar absorptivity of the analyte, b is the length of light path, and ¢ is the molar
concentration of the analyte. One can see clearly that the extremely short light path is the
bottleneck for highly sensitive detection. Typically detection limits for UV absorbance
are in the micromolar range. To overcome this problem, many online preconcentration
techniques have been developed. These will be discussed in Sections 1.2 and 1.3.
Alternately, fluorescence detection can provide much more sensitive detection
than UV absorbance, especially when a laser is used as the excitation light source. Laser-
induced fluorescence (LIF) can be performed on-column as shown in Figure 1.1, or off-
column using a sheath-flow cuvette !, The sheath-flow cuvette was first introduced by
Dovichi and coworkers. Its advantage is that the laser beam is focused on the sample
stream immediately after capillary tip, rather than on capillary. Light scattering is thus
minimized and detection limits in the nanomolar to picomolar range can be achieved **.
Ar-ion, HeCd and HeNe lasers are the most commonly used lasers in CE-LIF and
many fluorescence labeling reagents have been synthesized specifically to match the
excitation wavelengths of these lasers. However, the rapid development of miniaturized
instrument makes these bulky lasers inappropriate to couple to miniaturized CE devices.
Diode lasers are more promising in this respect. Their lasing mechanism is based on the
junction between positively-doped (p-type) and negatively doped (n-type)
semiconductors constructed from the same material. Upon application of voltage across
the p-n junction, excess electrons flow from the n-type to the p-type region, generating a
population inversion and thus a coherent monochromatic light is emitted. Compared with

the above conventional lasers, diode lasers are relatively inexpensive, need no

14
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maintenance, and have longer lifetimes (up to 50,000 h) and higher output stability
(0.01%) >3, Most of the work in this thesis was done using an InGaN-based violet

diode laser at 415 nm.

1.2 Electrophoresis-based online preconcentration

Given the poor detection sensitivity of the standard UV absorbance detection in CE,
many online preconcentration techniques have been proposed to enrich analytes of
interest from a large volume of dilute sample. This can be done based on the change in
migration velocity occurring when the analytes across the boundary of discontinuous
buffer zones. Only some of the more frequently used techniques in CZE and MEKC are
discussed here. These include field-amplified sample stacking (FASS), dynamic pH-

junction stacking, high-salt stacking and sweeping.

1.2.1 Field-amplified sample stacking (FASS)

Field-amplified sample stacking (FASS) is the simplest stacking technique for ionic
analytes. The stacking mechanism is shown in Figure 1.5. Briefly, the sample solution is
prepared in a low-conductivity buffer, usually a 1/100 ~ 1/1000 diluted running buffer,
and then injected into a capillary filled with a high-conductivity running buffer (Figure
1.5A). Upon application of a positive voltage, the cationic and anionic analytes migrate
towards the cathode-side and anode-side of the sample zone — running buffer zone
boundaries, respectively (Figure 1.5B). Note that the EOF is strong enough to carry all
analytes towards the detection window at the cathode end of the capillary. Since the

sample zone has a lower conductivity and thus higher electric field, the migration of the

15
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ionic analytes slows at these boundaries. As a result, cationic and anionic analytes will
be focused near the cathode-side and anode-side of the sample zone — running buffer
zone boundaries, respectively (Figure 1.5C). Normally, the sample can fill 10 ~ 30% of
the capillary length so long as enough length is left for the subsequent CZE separation.

Concentration factors of 10 ~ 10,000 fold have been reported **°.

me TS g& &%3‘ »’f ,,
X Xl % & & A

(A) _d

Figure 1.5 Schematic diagrams of Field-amplified sample stacking (FASS) in CZE

1.2.2 Dynamic pH-junction stacking
A change in electric field strength at the buffer zone boundaries is not the only
reason to cause migration to slow down. This can also be done by varying the intrinsic

electrophoretic mobility of the analytes via a change in pH. Dynamic pH-junction

16
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stacking is suitable for zwitterionic and weakly acidic compounds ?°. For instance, for a
weakly acidic compound, the analytes are dissolved in a low pH buffer so that they are
neutral species. This sample solution is injected into a capillary filled with a higher pH
running buffer. After application of voltage, in sample zone, the neutral analyte (denoted
by HA in Figure 1.6) migrate with EOF. When the analyte crosses the low-high pH
boundary, HA is deprotonated to form A” and thus obtains an intrinsic electrophoretic
mobility against EOF. As a result, the migration of A" becomes slower and thus focuses
near the pH-junction. The focusing efficiency is determined by the pKa values of
analytes, pH and concentrations of both zones 20 The reported concentration ratios range

from 30 to 1700 224,

Low-pH Zonei H|gh pH Zone

Dynamic pH-junction

Figure 1.6 Schematic diagram of dynamic pH-junction stacking in CZE

1.2.3 High-salt stacking
High-salt stacking was proposed for online concentration of neutral analytes in

MEKC by Landers and coworkers in 1999 %', Again a discontinuous buffer system

17
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plays an important role. The neutral analytes are dissolved in a buffer with added salt but
no micelles. The MEKC running buffer has no added salt and thus lower conductivity
than the sample solution (Figure 1.7A). As shown in Figure 1.7B, after the separation
voltage is applied, the electrophoretic motion of the negatively charged micelles is
slowed when they enter the high-salt sample zone due to the sudden decrease in electric
field strength. The micelles thus accumulate near the cathode side of the high-salt sample
zone which means a higher phase ratio of micellar phase at the sample - buffer boundary.
The analytes in the sample zone then stack near the boundary due to their high affinity for

the micelles (Figure 1.7C).

@

CVESY
@

@ Micelle & Neutral analyte =m  High-salt zone

Figure 1.7 Schematic diagrams of high-salt stacking for neutral analytes in MEKC.

Based on Figure 3 from reference .
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Actually this type of stacking is achieved by first stacking negatively charged
micelles using a mechanism similar to FASS and then extracting neutral analytes to a
highly retentive micelle narrow-band. So the concentration ratio strongly depends on the
affinity of analytes for the micelles. In Chapter 2, this technique has been successfully

used to online preconcentrate fluorescent labeled products of three alkylphosphonic acids.

1.24 Sweeping

First introduced by Quirino and Terabe, sweeping is another great technique for
online concentration in MEKC 23!, Unlike high-salt stacking, there is no difference in
conductivity between discontinuous zones. Instead, the sample solution has similar
conductivity as the MEKC running buffer but no micelles (Figure 1.8A). When positive
polarity is applied, the negatively charged micelles have an electrophoretic mobility
against the EOF and thus enter the sample zone from the cathode side (Figure 1.8B). The
neutral analytes originally migrate with the EOF in the sample zone. However, when the
analytes come in contact with the micelles, they partition into the micelle, and obtain the
same counter-EOF mobility as micelles. As a result, the apparent migration velocity of
the analyte decreases. As more and more micelles enter the sample zone, the analytes are
swept into a narrow band of analyte- micelle complex (Figure 1.8C). Similar to high-salt
stacking, the enhancement factor strictly depends on the analyte affinity for the micelle
phase. Detection sensitivity enhancement of 80 ~5000 fold have been reported 28,30,32
The recent development of combining sweeping and other stacking techniques already

20,29

allows the online concentration of both neutral and charged analytes and up to

million fold enhancement can be achieved .
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Figure 1.8 Schematic diagrams of sweeping for neutral analytes in MEKC

1.3 Solid phase extraction (SPE) — based online preconcentration

In stacking and sweeping techniques, no physical modification of the capillary is
required. Only a discontinuous buffer system is needed to generate the acceleration or
deceleration of the solute migration at the buffer zone boundaries. Another approach to
preconcentrate sample is to extract the analytes of interest onto a solid phase from a large
volume of dilute solution. If only the analyte of interest is retained on the solid phase,
interfering compounds within complex matrices can simultaneously be removed. After
the preconcentration is complete, the absorbed analytes can be eluted into a smaller
amount of solution for subsequent analysis. This technique is called solid-phase

20
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extraction (SPE)*** and can be done either off-line, as described in Chapter 3 or on-line
as discussed in Chapter 4. However, online SPE preconcentration is preferred to reduce
manual sample manipulation and obtain reproducible results. Thus, this approach will be

introduced here.

1.3.1 Online SPE methods
The SPE methods reported so far can be grouped as either low-specificity or high-

specificity preconcentration techniques according to their concentration mechanisms.

36,37 38-40

The former includes hollow fibers *°*, membrane preconcentration (mPC)*™ and

41-43

chromatography packings and the latter uses immunoaffinity phases (such as

antibodies)** ** and molecularly imprinted polymers (MIP)“” 7,

Semi-permeable hollow fibers allow the free passage of water through the pores
on the fiber wall, but restrict passage of large molecules such as peptides and proteins.
Water is removed by evaporation, or Donnan effect which is accomplished by immersing
the hollow fiber filled with dilute sample solution into a polymer solution, thus large
molecules can be enriched by thousands folds. Hjerten and coworkers reported such an
offline preconcentration method for 3000-fold enrichment of proteins 36 Hobo’s group3 7
designed an online hollow fiber preconcentration system by coupling a 2-mm long
hollow fiber to the inlet of a capillary. They were able to enrich four basic proteins 1000-
fold using their online system.

Conventional chromatography adsorbents can be packed into a miniaturized

41-43

precolumn / SPE cartridge and placed at the capillary inlet , as shown in Figure 1.9.

The SPE cartridge is rinsed with organic eluent and then CE running buffer to prepare it
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for preconcentration (Figure 1.10A). Then a large volume of sample solution is
introduced hydrodynamically into SPE cartridge (Figure 1.10B). The hydrophobic
analytes are extracted onto the SPE packing. The excess sample solution in capillary is
washed away by CE running buffer containing no organic solvent (Figure 1.10C). A
small volume of organic eluent is injected to elute the preconcentrated analytes from SPR
adsorbents (Figure 1.10D). Care should be taken because the introduction of organic
solvent may change EOF and compromise the subsequent CE separation. Then the
voltage is applied for the CE separation (Figure 1.10E). The capillary is then rinsed with
organic solvent and CE running buffer to prepare the SPE column for another
preconcentration (Figure 1.10A).

As stated above, the packing within the SPE column may be a conventional
HPLC packing. For example, Petersson and co-workers used an on-capillary extractor
packed with C;g-alkyl-diol silica to enrich terbutaline, a B-receptor agonist, by 7000-fold
from plasma sample 4 Alternatively, immunoaffinity phases, such as antibodies specific
to a particular analyte, can be covalently bonded to porous silica ** or glass beads * and
afford highly selective preconcentration. For example, Guzman coupled monovalent Fab
antibody fragments to controlled-porous glass beads and packed these beads into an on-
capillary concentrator. As low as 1 ng/ml of gonadotropin-releasing hormone in
serum/urine samples were enriched and determined using this online immunoaffinity

preconcentration CE system .
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SPE Packings

Capillary Erits Polyethylene Sieeve

Figure 1.9 Schematic representation of SPE device on capillary tip. Redrawn from

reference *

Coated or impregnated membranes can also be used for online preconcentration .
The polymeric membrane is modified with a chromatography stationary phase such as C2,
C4, C8, C18, polystyrene divinylbenzene or ion exchanger capable of extracting solutes.
Such membranes are then installed into a cartridge, usually a short Teflon tubing
connecting inlet capillary and separation capillary. Compared with conventional bonded-
phase adsorbents, membrane preconcentration (mPC) has a lower bed volume of
absorptive phase and so less organic eluent is needed to remove concentrated analytes > 8
Rode et al. demonstrated that a C2 impregnated mPC cartridge allowed not only the
enrichment of 15 proteins in aqueous humor but also the removal of unwanted matrix

components 3% %,
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Figure 1.10 Online SPE preconcentration procedures. The grey segment on the lefthand
end of the capillary is the online SPE column. The steps in online SPE preconcentratioﬁ
are: A) Column is rinsed with organic solvent and then equilibrated with the aqueous CE
buffer. B) Sample solution (depicted in blue) is flushed through the capillary. Analyte is
retained on the SPE column. C) The capillary is rinsed with CE buffer to remove the
sample matrix. D) A small volume of organic solvent is introduced into the capillary to
elute the analytes from the SPE column. E) Voltage is applied across the capillary to

perform the electrophoretic separation.

Molecularly imprinted polymer (MIP) is a copolymer with artificial
macromolecular receptors “©. First, to prepare a MIP, functional and cross-linking
monomers are copolymerized in the presence of a target analyte, which acts as an imprint

or template molecule. The target analyte is complexed by functional groups in the
24
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functional monomers and thus is immobilized within the highly cross-linked polymer.
After removal of the target analyte by simple solvent extraction, binding sites are left
with the specific size, shape and functional groups for the target analyte. In this way, a
robust polymer can be prepared in the form of a bulky monolith or micrometer-sized
particles for high-specific extraction. Recently Lai’s group reported a MIP-based online
preconcentration coupled to a microfluidic CE device for detection of ochratoxin A as

low as 0.05 ppb *.

1.3.2 SPE phase immobilization techniques

Most of SPE adsorbents are in the physical form of particles, such as HPLC
packings, antibody-coated glass beads, and some MIP particles. Usually frits such as
shown in Figure 1.9 are necessary to retain these particulate packings in the capillary.
However, the presence of the frits in the capillary causes problems related to mismatch in
the EOF and thus the formation of bubbles *%.

The monolith technique is a more reliable and promising immobilization method
¥ An organic polymer or silica rod with a porous structure can be fabricated in the
capillary. SPE beads are then held in place within these pores. Alternatively, the
monolith can be modified with retentive elements such as C18 phase *°. The porous
structure ensures high permeability and thus low resistance to flow. To eliminate the
problem due to mismatched EOF, the monolith may be designed by introduction of ionic
groups *.

There are two types of monoliths: polymeric and silica-based. Polymer monoliths

are prepared by an in situ polymerization reaction using monomers, porogens and an
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initiator . Although the fabrication methods of polymer monoliths and their
applications in CEC have been extensively reported and reviewed > >, there are few
reports of on-capillary preconcentration using polymer monolith >>>*. Baryla and Toltl
reported a 1 cm methacrylate monolithic polymer at the capillary inlet for online
preconcentration of S-propranolol in the low nanomolar range without significant
sacrifice of column separation efficiency **.

The fabrication of alkoxide-based sol-gel silica monoliths usually starts with
precursors such as tetramethyl ethylsilicate (TMOS) or tetraethyl ethylsilicate (TEOS).
The hydrolysis and a series of polycondensation reactions lead to the growth of siloxane
oligomers, which link together to form a huge gel network (Figure 1.11) . After
gelation and aging, a porous silica monolith is formed. Also the monolith is fixed firmly
to the capillary wall. The physical characteristics, such as pore size and skeleton size,
strongly depend on the fabrication conditions, such as pH, water concentration,
temperature, substituting group of precursor, gelation time, the presence and
concentration of catalyst ®. Silica sol-gel monoliths have been widely used in HPLC for
fast separations and caﬁilla.ry electrochromatography (CEC) for fabricating fritless
columns. For example, Tanaka’s group made silica monoliths and then modified the
silica surface by introducing C18 phase and used it as CEC column ° 0 Zare’s group
reported an octadecyl silica (ODS) particles entrapped monolith and used it for CEC
separation %6 So far, all packed silica monolith columns were developed for HPLC or
CEC separation. However, the column performance, denoted by theoretic plate number,
is just “modest”, because of the inhomogeneous packing *¢. In Chapter 4, HPLC beads

entrapped in a monolith are employed for online preconcentration, rather than separation.
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Hydrolysis:

OCH3 ?H
HC—0—8i—0—CHy + 4 Ho0 —= HO—Si—OH + 4 CH;0H
OCH; OH
(TMOS)
Condensation:
OH OH (l)H ?H
HO—Si—OH + Ho—s,i—on — HO—S§i—0—Si—OH + H;0
OH OH OH OH
(l)H
o HO—Si—OH
HO—Si—0H
OH OH H(l) (l) ?H
HO—?i—O—?i—OH + 6 SO, — HO—?i—O—?i—O——?i—O—?i—OH +6H;0
OH OH HO (o] OH (8]
HO—Si—OH
HO HO—Si—0H

OH
Figure 1.11 Fabrication reactions for alkoxide-based sol-gel silica monoliths.

1.4 Thesis overview

The aim of this thesis research is directed primarily to the development of

preconcentration techniques before CE-LIF. In Chapter 2, high-salt stacking technique,

originally proposed by Landers’ group 22 was successfully applied to enrich the
fluorescently labelled alkylphosphonic acids by 10-fold.

In Chapter 3, a 200 pl micropipette tip packed with anion-exchanger beads was

used for offline SPE extraction of glyphosate, a herbicide, from spiked river water sample

solution. Subsequent elution of the retained glyphosate and fluorescent labeling allowed

detection of glyphosate in the sub-nanomolar range. The extraction, elution and clean-up
procedures were examined.
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However, online SPE is always more desirable. In Chapter 4, polymeric HPLC
beads were immobilized into an alkoxide-based silica monolith to preconcentrate
fluorescently labelled herbicides at the capillary tip. The silica shell encapsulating PRP
beads were characterized by scanning electron microscope (SEM). It was also found that
the preconcentration performance can be improved by changing pH and adding salt to
sample solution.

Finally, work done under the supervision of Dr. Dovichi is presented as Chapter 5.
A CGE-LIF method using polyethylene oxide (PEO) as sieving polymer was developed.
Optimum separation conditions were established for five model proteins. Detergent
differential fractionation (DDF) was used for the sequential fractionation of HT29 human
colon adenocarcinoma cell extract. The resulting four fractions were analyzed using the
optimized CGE-LIF method and the different protein profiles for the four sequential

fractions were obtained and discussed.
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Chapter 2. Determination of Alkylphosphonic Acids Using Micellar
Electrokinetic Chromatography with Laser-Induced Fluorescence Detection

and High-Salt Stacking ~

2.1 Introduction

Alkylphosphonic acids and their derivatives have found wide applications as
herbicides (glyphosate, glufosinate), antibiotics (fosfomycin) and antiviral compounds
(foscarnet) . Further, some nerve agents such as sarin, soman and VX hydrolyze to
alkylphosphonates and ultimately to methylphosponic acid (MPA) 2, Many approaches
for the determination of alkylphosphonic acids and related compounds have been
reported 320,

The first challenge in such determinations is detecting the alkylphosphonic acids
because they have no chromophore or fluorophore that would enable direct UV or
fluorescence detection. Various methods have been developed to circumvent this
problem. Phenylphosphonic acid has been used as a UV absorbing probe in indirect UV
detection methods in capillary electrophoresis (CE) 48,10 Using this approach Melanson
et al. reported detection limits of 2 uM for MPA 10 Alternatively, Katagi et al. reported
indirect photometric detection after separation with ion chromatography with detection

limit of 0.4 uM MPA ®. Recently, Melanson et al. lowered the detection limit for indirect

* A version of this chapter has been published as: Jiang Jiang and Charles A. Lucy (2002), “Determination
of Alkylphosphonic Acids Using Micellar Electrokinetic Chromatography with Laser-Induced
Fluorescence Detection and High-Salt Stacking”, Journal of Chromatography A, 966, 239-244.
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detection in CE to 0.1 pM MPA using indirect fluorescence detection with a violet diode
laser 3. However, while these indirect detection methods are simple and quick, they lack
specificity. This makes them difficult to apply directly to real samples.

A similar lack of specificity plagues many other detection schemes used such as
conductivity ¢ and evaporative light scattering detection (ELSD) ' '2. Mercier et al.
developed an anion exchange-ELSD method with detection limits of 10 uM MPA or
EPA in the presence of high levels of inorganic anions '2. Greater specificity in detection
of MPA has been achieved using mass spectrometry (MS) ' 131520 flame photometric
detection (FPD) '8 and fluorescence '°. However, quenching of the phosphorus
emission by organic compounds is the main disadvantage of FPD, resulting in lower
sensitivity, especially in high performance liquid chromatography (HPLC). So far, the
only report of a direct fluorescence detection method was by Rough et al. using
precolumn derivatization by panacyl bromide before HPLC separation *°.

Separation of alkylphosphonic acids can be achieved in a number of manners.

9,11-17,19,20 -8,10, 13, 18

Both chromatographic and electrophoretic ® methods have been used

3-12, 15,16, 18 13,14,17,

to separate these compounds in both their native and derivatized forms
1920 However, given the detection challenges associated with the alkylphosphonic acids
discussed above, one of the key issues in selecting the separation method is its
compatibility with a sample preconcentration step. Sega et al. extracted MPA, ethyl
methylphosphonate (EMPA), and isopropyl methylphosphonate (IMPA) from water
sample using a solid phase extraction column packed with a quaternary amine phase on

silica 1’. Similarly, Meng and Liu * synthesized molecularly imprinted polymers (MIP)

for pinacolyl methylphosphonate (PMPA), EMPA and MPA. They used a solid-phase
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extraction cartridge packed with such MIP particles to isolate and pre-concentrate these
compounds from human serum solution. However, these methods require numerous
offline steps prior to separation and detection.

In this chapter, a series of linear alkylphosphonic acids, methyl, ethyl and propyl
phosphonic acids were derivatized with the fluorescent dye panacyl bromide (Figure 2-1).
The resultant products were separated by micellar electrokinetic chromatography (MEKC)
2128 using cholate / acetonitrile / borate as the separation buffer followed by laser-induced
fluorescence detection (LIF). The recently introduced MEKC stacking procedure of

27-29

Landers and co-workers , as schematically discussed in Section 1.2.3, was

successfully used to enhance detection sensitivity.

2.2 Experimental
2.2.1 Apparatus

All MEKC experiments were performed on a P/ACE 2100 capillary
electrophoresis system equipped with an LIF detector and P/ACE Station software
(Version 1.2) for instrument control and data acquisition (Beckman Instruments,
Fullerton, CA, USA). A 325 nm He-Cd laser (Model # 3056-8M; Omnichrome, Chino,
CA, USA) with an output power of 5 mW was utilized as the excitation source. The laser
beam was coupled to the LIF detector through an SMA fiber optic receptacle
(Omnichrome), a 1 m multimode fiber optic patchcord with a 100/140-pum (core/cladding)
diameter and SMA 906 connectors (Polymicro Technologies, Phoenix, AZ, USA). An

XB84-500DF25 band pass filter (Omega Optical, Brattleboro, VT, USA) was used to
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collect the fluorescence signal at 500 £=12.5 nm. Data were collected at 10 Hz with a

detector response time of 0.5 s. The capillary was always thermostated at 25°C.

) °‘®‘<_Br &

Panacyl Bromide Alkylphosphonic Acids
R = CH3, CH3CH,, CH3{CHp)>

Heat
under alkaline conditions

'S o~ K I D

Figure 2.1 Structures of panacyl bromide (Ex/Em: 362/494 nm), alkylphosphonic acids

=N

and the fluorescent derivatization product.
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2.2.2 Reagents

Methyl phosphonic acid (98%, MPA), ethyl phosphonic acid (98%, EPA), propyl
phosphonic acid (95%, PPA, Figure 2-1), N, N-diisopropylethylamine (99.5%, redistilled),
cholic acid (sodium salt), N, N-dimethylformamide (DMF), mesityl oxide (98%), calcium
hydride (95%), and 3A molecular sieve were purchased from Aldrich (Milwaukee, WI,
USA). Panacyl bromide (Figure 2-1) was from Molecular Probes (Eugene, OR, USA).
Acetonitrile (HPLC grade) was from Fisher Scientific (Fair Lawn, NJ, USA). Sodium
tetraborate and sodium chloride were analytical grade from BDH (Toronto, Ontario,
Canada).

Commercially available DMF was refluxed over CaH; (5% w/v) for 5 hours at
60°C and then distilled onto 3A molecular sieves at 56 °C and 20 mm Hg to remove
water. The prepared dry DMF was stored under N, for later use. Stock solutions of 5
mM alkylphosphonic acids, 120 mM N, N-diisopropylethylamine and 10 mM panacyl
bromide were prepared using dry DMF and kept strictly airtight against moisture in the
air. All the other solutions were prepared with Nanopure 18 MQ water (Barnstead,
Chicago, IL, USA). The separation buffer was 50 mM sodium borate, 50 mM sodium
cholate and 40% (v/v) of acetonitrile (pH 10.6, without further pH adjustment) prepared

every other day and degassed prior to use unless stated otherwise.

2.2.3 Derivatization reaction
The derivatization procedure was adapted from Rough et al.’s method 1% Briefly,
the optimized procedure was as follows: 60 pl of the alkylphosphonic acids in DMF was

mixed with 50 pl of 120 mM N, N-diisopropylethylamine solution, 100 pl of 10 mM
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panacyl bromide solution and 190 pl of dry DMF in a 4-m! capped borosilicate glass vial.
This ensures that there is an excess of panacyl bromide. The vial was heated in an 80°C
water bath for 30 min. Then 200 pl of the reaction mixture was added to 200 pl of the
dilution buffer containing 100 mM borate and 400 mM sodium cholate. Finally, the

sample was vortexed for 10 seconds to ensure thorough mixing prior to injection.

2.2.4 CE parameters

MEKC separation was performed at 30 kV (normal polarity) in a 57 cm-long (50
cm to the detection window), 75 um-i.d, 365 um-o.d, fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA). Injections were 30-s hydrodynamic at 0.5 psi unless
otherwise stated. Before use each new capillary was conditioned by flushing at 20 psi
with 1 M NaOH for 10 min, distilled water for 10 min, 0.1 M NaOH for 5 min and
distilled water for 10min. Between runs the capillary was washed at 20 psi with 0.1 M

NaOH for 2 min, distilled water for 2 min and running buffer for 5 min.

2.2.5 Measurement of EOF

Mesity] oxide was used as the EOF marker in this study. After a 2-s injection of
10 mM mesityl oxide at 0.5 psi, 30 kV voltage was applied across the capillary. UV
detection at 214 nm was used to determine the migration time of the mesityl oxide peak.
The other conditions were same as in Sections 2.2.1 and 2.2.4. EOF was calculated using:

Ld Lt

Heos == (Egqn2.1)

where L is the capillary length to the detection window, L, is the total capillary length, ¢

is the migration time of EOF marker and V is the voltage across the capillary.
38
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2.3 Results and discussion
2.3.1 CE separation parameters

The molecular structures of panacyl bromide, alkylphosphonic acids and their
derivatization products are shown in Figure 2.1. Panacyl bromide has excitation and
emission maxima of 362 and 494 nm, respectively. This dye reacts with alkylphosphonic
acids via a substitution reaction in basic nonaqueous medium in high yield (~ 90%) '° and
shows no reactivity to the esters of alkylphosphonic acids. However, the resulting
products are strongly hydrophobic, making them insoluble in most HPLC mobile phases /
CE separation buffers. Rough ef al. ° had to use very strong eluents (60% - 100%
acetonitrile) to elute the alkylphosphonic acid derivatives from a C;g column in
reasonable time.

Sodium dodecyl sulfate (SDS) is typically used as the pseudo-stationary phase in
MEKC. However SDS is not effective for strongly hydrophobic analytes because SDS
exhibits high partitioning even at low SDS concentrations or after addition of organic
modifier 2. Our preliminary studies showed that the derivatization products could not be
separated from excess dye using SDS. A number of alternative approaches have been
proposed in the literature for the separation of very hydrophobic analytes in MEKC.
Addition of urea or cyclodextrins increases the solubility of hydrophobic compounds in
aqueous solutions, thus decreasing their retention factor in the micellar phase 325
However, preliminary studies indicated that neither 6M urea nor 30 mM y-cyclodextrin
had a noticeable improvement on the resolution of our analytes.

Alternatively, natural surfactants, such as sodium cholate, sodium deoxycholate
and their taurine conjugates, have been reported to be suitable for the separation of very

hydrophobic compounds 22, The structures of sodium cholate and its micelles are
39
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shown in Figure 2.2. Bile salts form aggregates that are more complex than the spherical
micelles of conventional surfactants such as SDS %32, At low concentrations, bile salts
form primary aggregates containing a small number (3-10) of monomers (Figure 2.2B).
In Figure 2.2B, the primary aggregates contain four cholate molecules. In the primary
aggregates, the convex hydrophobic surfaces of the cholate monomer form a hydrophobic
binding site. At higher cholate concentrations, these primary aggregates combine to form
larger aggregates known as secondary aggregates. The core of this secondary aggregate
is relatively hydrophilic in nature. Thus, unlike the typical spherical SDS micelles, the
cores of such bile salt micelles contain both hydrophobic and hydrophilic regions 22,3
The different structure properties of cholate micelles result in much lower partitioning
than SDS micelles.

In MEKC, the analyte distribution between the micelle phase and aqueous phase
can be adjusted by simply changing the surfactant concentration 2.8.2 First the effect
of cholate concentration was examined by adding 30 ~ 60 mM sodium cholate to a
separation buffer containing 50 mM borate and 40% (v/v) of acetonitrile. The resulting
electropherograms are shown in Figure 2.3. Excess dye (D) eluted prior to the
alkylphosphonic acid derivatives (peak 1-3, corresponding to MPA, EPA and PPA,

respectively), as would be expected. Other by-product peaks (not shown in Figure 2.3,

but indicated as B in Figure 2.4) eluted after the analyte peaks.
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OH
A. Sodium Cholate

Primary Aggregate Secondary Aggregate

Secondary Binding Site

B. Cholate Micelle
Figure 2.2 Sodium cholate (A) and its aggregate structures (B). Figures reproduced from
reference 31 by permission of The Royal Society of Chemistry on behalf of the European

Society for Photobiology and the European Photochemistry Association.
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Figure 2.3 Effect of cholate concentration on the separation. MEKC separation buffer:
cholate / 40 %( v/v) of acetonitrile / 50 mM borate; Voltage: 30 kV; Injection: 30 s at 0.5

psi; Dilution buffer: 100 mM borate / 400 mM NaCl; Dilution ratio: 50%:50% (v/v,
reaction mixture vs. dilution buffer); Sample injected: 2.5 uM; Peak designation: (D)

excess dye, (1) MPA, (2) EPA, (3) PPA. Byproduct peaks not shown (see Figure 2.4).
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As shown in Figure 2.3, the migration time of the analyte peaks (1-3) increases
with the increasing cholate concentration. Also, the resolution between MPA and EPA
(peaks 1 and 2, the critical pair since it is more difficult to separate than EPA / PPA pair)
increased from 0.80 at 30 mM cholate to 1.64 at 60 mM cholate. Due to the limited
solubility of sodium cholate in 40% acetonitrile and concerns associated with Joule
heating, 50 mM sodium cholate was used in all further experiments.

Another advantage of bile salts is that, they can tolerate higher concentrations of
organic modifiers such as acetonitrile (up to 50%) . More acetonitrile results in a
slower EOF. Generally a lower EOF leads to extended elution time window and thus
better resolution % (as discussed in Section 1.1.5.2). Figure 2.4 illustrates the effect of
varying acetonitrile concentration in separation buffer containing 50 mM borate and 50
mM of sodium cholate. The peaks (B) eluting after the analytes (1-3) were evident in
blank experiments and thus believed to be degradation products of panacyl bromide.
However, as these by-product peaks (B) were consistently well resolved from the analyte
peaks, they were not studied further. There are also a number of small byproduct peaks
between the excess dye (D) and product peaks 1-3. These byproduct peaks are probably
due to side reactions, presumably hydrolysis since these peaks were lower and simpler
when freshly-prepared dry DMF was used.

As can be seen in Figure 2.4, the migration times of the excess dye (D) and
analytes (1-3) increased as the acetonitrile concentration was increased. The longer
migration times are not unexpected because EOF decreases from 3.00 x 10 to 1.71x10™
cm?/V-s upon going from 30 to 45% acetonitrile. Thus, the increase in migration time
due to the slower EOF is greater than the decrease in migration time due to the change in

the retention factor. More importantly, the resolution between MPA and EPA (peaks 1
43
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Figure 2.4 Effect of acetonitrile on the separation. MEKC separation buffer: 50 mM
cholate / acetonitrile / 50 mM borate; Peak designation: (B) byproduct peaks. The other

conditions and peak designations are as in Figure 2.3.
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and 2) increased from 0.94 to 1.64 as the acetonitrile concentration is increased from 30%
to 45%. The hydrolysis products were also better resolved from the analyte products
peaks 1-3 at higher acetonitrile concentrations and therefore caused no interference.
When the acetonitrile concentration was increased above 45%, MPA, EPA and PPA
eluted after 90 min. As a compromise between separation time and resolution, 40%

acetonitrile was used in subsequent experiments.

2.3.2 Optimization of the derivatization reaction

The reaction conditions of Rough ef al.’s method 19 were used as a starting point
for optimization of the reaction conditions to obtain best sensitivity and least interference
from byproducts in the reaction mixture. This derivatization procedure is shown
schematically in Figure 2.1. Briefly, under the alkaline conditions the alkylphosphonic
acids are converted to their anionic forms for higher nucleophilicity. Subsequent
nucleophilic substitution in DMF generates the panacyl esters of the alkylphosphonic
acids.

The effect of dye concentration was studied first. Different amounts of 10 mM
panacyl bromide were mixed with 60 pl of 0.2 mM mixed sample solution, 50 pl of 120
mM N, N-diisopropylethylamine solution and then diluted to a total volume of 400 pl
with dry DMF. The other conditions were as described in Section 2.3. As shown in
Figure 2.5, the response of each phosphonic acid increased significantly with increasing
dye concentration used and reached a plateau at approximately 2.5 mM. This
concentration of panacyl bromide corresponds to the derivatization procedure described

in Section 2.2.3, and was used in all further experiments.
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The concentration of N, N-diisopropylethylamine in the reaction mixture is critical
as it consumes the HBr produced (Figure 2.1) and thus pulls the whole reaction to
completion. However, too much base leads to hydrolysis of the dye and can cause severe
interference with detection '. Different amounts of 120 mM N, N-diiso
propylethylamine solution were added to 60 pl of 0.2 mM mixed sample solution and 100

ul of 10 mM panacyl

15 -

iy
I\

Peak Area (arb. units x107)

A
5a
—0— MPA
—O—EPA
—A—PPA
0 —
0 1 2 3 4

Dye Concentration (mM)

Figure 2.5 Effect of dye concentration on the fluorescence response. MPA/EPA/PPA: 30
uM each; N, N-diisopropylethylamine: 15 mM; Reaction time: 30 min; Reaction
Temperature: 80°C. Each data point is the average of duplicate reactions. The size of the

data points approximately reflects the reproducibility of within 10%.
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Figure 2.6 Effect of N, N-diisopropylethylamine concentration on the fluorescence
response. MPA/EPA/PPA: 30 uM each; Panacyl bromide: 2.5 mM; Reaction time: 30
min; Reaction Temperature: 80°C. Each data point is the average of duplicate reactions.

The size of the data points approximately reflects the reproducibility of within 10%.
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bromide, and then diluted to a total volume of 400 ul with dry DMF. The other
conditions were same as above. Figure 2.6 shows that the product peak areas increased
as the concentration of N, N-diisopropylethylamine was increased up to 15 mM. Higher
concentration of base yielded no further increase in response.

Thus, 2.5 mM panacyl bromide and 15 mM N, N-diisopropylethylamine were
chosen as optimal reaction conditions, as described in Section 2.3. Under these reaction
conditions the derivatization reaction is more that 2/3 complete within 5 min as
determined by comparing with 40 min reaction time, and complete by 20 min. No
degradation of the products was observed up to 40 min, the maximum reaction time

studied. A reaction time of 30 min was used in our work.

2.3.3 High-salt stacking

A number of online concentration techniques for MEKC have been reported to
increase the detection sensitivity and lower detection limit in MEKC 27%3+%  Recently
Landers and co-workers developed a universal stacking technique for MEKC which
utilizes higher salt concentration in the sample matrix than in the separation buffer *"2°,
Its concentration mechanism has been schematically illustrated in Figure 1.7. Briefly,
after the separation voltage is applied, the negatively-charged micelles move into the
sample zone from the detector side of the sample zone / separation buffer interface. The
electric field strength is lower in the higher-conductivity sample zone than in the
separation buffer. As a consequence the micelle migration velocity decreases. The net
effect is that micelles accumulate near the detector side of the sample zone / separation

buffer interface resulting in a higher phase ratio of micellar phase at the sample / buffer

interface. Consequently, the hydrophobic analyte is concentrated in this zone.
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2.3.3.1 Salt concentration

Palmer and Landers have demonstrated that two requirements are critical to
successful high-salt stacking in MEKC 2. First, the conductivity of sample matrix must
exceed that of the separation buffer so that the electric field decreases significantly inside
the sample zone. Second, the sample matrix must contain a co-ion (chloride in our work)
with a higher intrinsic electrophoretic mobility than cholate. The second condition
guarantees the formation of a pseudo-steady-state boundary between the micelle and co-
ion component in the sample matrix. Figure 2.7 shows the effect of the addition of 0 to
700 mM NaCl in the dilution buffer on the resolution. As the NaCl concentration added
to the sample is increased, the resolution for the MPA/EPA pair initially improved from
1.02 at 0 mM to 1.67 over a broad optimum at 200 ~ 400 mM, as expected based on the
stacking mechanism above. The resolution then decreased as the peak shape degrades at
higher salt concentrations. Similar behavior was observed if the peak efficiency is

monitored. This behavior is consistent with that of Palmer et al. %’

. The degradation of
resolution at higher salt concentrations is probably due to the disappearance of the
pseudo-steady-state boundary between the micelle and co-ion component. That is, as the
conductivity of the sample matrix is further increased, the electrophoretic movement of
co-ion against EOF is further slowed down, causing poor stacking (destacking).
The volume of sample injected can be determined using the Hagen-Poiseuille
6

equation %

4
Injection Volume = APd mt (Eqn 2-2)
1287 L,

where AP is the pressure difference across the capillary, d is the inside diameter of the

capillary, 7 is the separation buffer viscosity and L, is the total capillary length.
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Figure 2.7 Effect of NaCl concentration in dilution buffer on the resolution. 200 pl of
fluorescence derivatization reaction solution in dry DMF was mixed with 200 ul of
dilution buffer containing NaCl and 100 mM borate. Each data point is the average of
duplicate injections. The size of the data points approximately reflects the reproducibility

of within 5%.
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Based on this expression, the injection plug lengths of 3-s and 30-s injections were
calculated to be 3.3 mm and 32.8 mm long, respectively. While the high-salt stacking
was successfully applied in this work, the injection sample plug length was limited to
32.8 mm (30-s injection). Longer injection times lead to loss of baseline resolution. This
agrees with Landers and coworkers’ results that the stacking efficiency decreases
dramatically at longer injection lengths (Figure 5 in reference 2, Figure 2.8 shows high-
salt stacking performance. A 30 s injection allows 10-fold more sample to be injected,

compared with 3 s injection typically used in normal MEKC.

2.3.3.2 Dilution ratio

In HPLC and MEKC, the solvent used to dissolve sample should not be stronger
than the mobile phase. Usually the mobile phase itself is recommended to dissolve the
sample. If the injection solvent is stronger than the eluent, poor separation performance
or even peak splitting may be observed *. In our work, the fluorescent dye and its
derivatization products are soluble in acetonitrile or DMF. As discussed in Section 2.3.1,
the optimum separation buffer contained 40% (v/v) of acetonitrile. However, the sample
matrix contained 50% DMF (v/v) after final dilution. To investigate the effect of the
DMF in the sample, the DMF concentration was varied while keeping the final
concentrations of cholate and NaCl constant at 50 mM and 200 mM, respectively. No
effect on resolution was observed up to 50% DMF. However, 70% DMF showed a
distorted and broad peak shape, indicating the presence of strong solvent effect.

Therefore, 50 % DMF was used.
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Figure 2.8 High-salt stacking performance. Separation buffer: 50 mM borate / 40 mM
cholate / 40% acetonitrile; Sample injected: 7.5 pM each. Other conditions are as stated

in Section 2.2.
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2.3.4 Calibration, detection limit and reproducibility

Quantitative studies were conducted in the concentration range of 3.3 uM - 0.33
mM each analyte before reaction, corresponding to 0.25 uM - 25 uM injected (Figure
2.9). Calibration curves were recti-linear with correlation coefficients (R) greater than
0.999 and intercepts equal to zero within the 95% confidence interval. However the
calibration data were best-fit by quadratic equations, as shown in Figure 2.9. Each data
point is an average of duplicate injections.

The reproducibility (n = 11) of the migration time and corrected peak area (defined
as the ratio of peak area to migration time) were studied using a 0.2 mM mixed sample
(corresponding to 15 uM injected). Migration time reproducibility was 2.9 - 3.6% and
the corrected peak area reproducibility was 3.7 - 4.3%.

Based on an S/N of 3, the limit of detection (LOD) is 0.13 pM MPA, 0.13 uM

EPA and 0.14 uM PPA injected. These are better than most previous reports * 1% 12 13,13,

19

2.4. Conclusions

A fluorometric determination of three linear alkylphosphonic acids is reported.
After derivatization with panacyl bromide in dry DMF, baseline resolution was achieved
using MEKC with cholate micelles and 40% acetonitrile. The addition of an optimal
concentration of salt resulted in high-salt stacking which decreased the detection limit 10-

fold while maintaining baseline resolution.
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Chapter 3. Determination of Glyphosate Using an Off-Line Ion-Exchanger

Resin Preconcentration Tip and Laser-Induced Fluorescence Detection

3.1 Introduction

Introduced by Monsanto Company in 1971, glyphosate (N-(phosphonomethy!)
glycine, Figure 3.1) has become one of the most widely used broad-spectrum herbicides.
Its market is still growing at an annual rate of 20% because of the expiration of the
Monsanto patent on glyphosate in the early 1990s and the introduction of crops
genetically-engineered to be more glyphosate-tolerant '. Due to its strong retention on
soil components, high solubility in water and long half-time in the environment (about 47
days) 2, glyphosate may still be detected long after application or even far from the site of
application. For decades, the long-term environmental and ecological effects of
glyphosate have been the target of research and discussion. A reliable method for the
determination of glyphosate in environmental samples is therefore a must for this
research and environmental monitoring.

Almost all available analytical methodologies have been applied to the
determination of glyphosate, including gas chromatography (GC) 313 high performance
liquid chromatography (HPLC) 1426 capillary electrophoresis (CE) 2738 and
enzyme-linked immunosorbent assay (ELISA) %2> 39 Stalikas et al. have
comprehensively reviewed the literature on the analysis of glyphosate and other

phosphonic and amino acid group-containing pesticides “°.  To date, most reports were
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based on chromatographic separations. For example, Grey et al. developed a liquid
chromatography/electrospray/mass spectrometry (LC/ES/MS) method for the analysis of
glyphosate and its metabolite aminomethylphosphonic acid (AMPA) using
isotope-labeled glyphosate as a method surrogate. The reported method detection limits
were 0.06 and 0.30 pg/L, respectively, for glyphosate and AMPA in water matrices *'.

2738 Molina and Silva used

Far fewer CE methods have been reported for glyphosate
nonionic surfactant micellar electrokinetic chromatography (MEKC) with laser-induced
fluorescence (LIF) detection to determine glyphosate at a LOD of 0.06 pg/L *.
Safarpour and Asiaie reported a CE-electrospray ionization mass spectrometry
(CE-ESI-MS) method for rapid and selective detection of glyphosate with LOD of 10
ng/ml with minimal sample handling *.

Prior to chromatographic or CE separation, ion-exchange solid-phase extraction

(SPE) preconcentration techniques were utilized in many reports & 24

to greatly enhance
the detection sensitivity. So far, the most sensitive method was reported by Patsias and
coworkers . They coupled a PRP-X100 poly (styrene-divinylbenzene)-trimethyl-
ammonium anion-exchange cartridge to a cation-exchange liquid chromatography
separation followed by post-column derivatization and fluorescence detection. By
processing 100-ml samples, a detection limit better than 20 ng/1 for glyphosate was
achieved in river water.

As glyphosate has no chromophore or fluorophore, derivatization is usually

required prior to detection. Specifically, for fluorescence detection, most previous
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reports used hypochlorite to convert glyphosate to glycine and then labeled glycine with
o-phthalaldehyde (OPA) and 2-mercaptoethanol (ME). In this work, another
fluorogenic reagent, naphthalene-2, 3-dicarboxaldehyde (NDA) was used to label glycine.
Like OPA, NDA labels primary amine (-NH,) groups in the presence of excess cyanide
under mild conditions (Figure 3.1). However, the product of the NDA reaction is more
strongly fluorescent and more stable than the OPA-ME product *’.  NDA is also suitable
for more compact 415 nm violet diode laser used in this work. In this chapter, an
anion-exchanger SPE method similar to Patsias and coworkers’ work * was developed
for off-line preconcentration of glyphosate at the nM range from water samples.  After
elution of glyphosate from the SPE device, it is fluorescently labeled with NDA and
analyzed by MEKC-LIF. As low as 0.2 nM of glyphosate in original samples can be

detected using a 415 nm violet diode laser.

3.2 Experimental
3.2.1 Reagents and Materials

Sodium glyphosate (GLYP, 97.0%) and sodium dodecyl sulfate (SDS, 99%) were
from Fluka (Buchs, Switzerland). Sodium cyanide (99.98%), calcium hypochlorite
(available chlorine 65%) and naphthalene-2, 3-dicarboxaldehyde (NDA, 98%) were from
Aldrich (Milwaukee, WI, USA). Sodium tetraborate was from BDH (Poole, England).
Methanol (HPLC grade) was from Fisher (Fair Lawn, NJ, USA). Hydrochloric acid and

sodium hydroxide were from EM Science (an affiliate of Merck KGaA, Darmstadt,
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Figure 3.1 (a) Oxidative conversion of glyphosate to glycine and subsequent

fluorescence labeling reactions using (b) OPA-ME or (¢c) NDA-CN".

Germany). All solutions were prepared with Nanopure 18 M water (Barnstead,
Chicago, IL, USA) except NDA which was in methanol.

AG1-X8 strong-acid anion exchange resin (50-100 mesh, chloride form) was
purchased from Bio-Rad (Richmond, CA, USA). Strong-acid cation exchange resin
C-100H ((polystyrene-divinylbenzene)-sulfonate, 16~50 mesh) and macroporous type II
strong-base anion exchange resin A-510S ((polystyrene-divinylbenzene)-dimethyl-
-ethylammonium, 16~50 mesh) were gifts kindly provided by Purolite (Philadelphia, PA,

USA). Medium size Maxi-Clean™ solid-phase extraction cartridge and frits / caps were
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from Alltech (Deerfield, IL, USA). 60 ml plastic syringes were from Beckton,

Dickinson and Company (Franklin Lakes, NJ, USA).

3.2.2 Analysis Procedures
3.2.2.1 Preconcentration

The sample solution was pumped by a BS-9000-8 syringe pump (Braintree Scientific
Inc., Braintree, MA, USA) through a clean-up cartridge followed by a resin
preconcentration tip, as shown in Figure 3.2. The clean-up cartridge was a medium size
Maxi-Clean™ solid-phase extraction cartridge with 0.2 pm frits, to which 300 mg of
mixture of Purolite A-510 macroporous type II strong base anion exchange resin(chloride
form) and Purolite C-100H strong acid cation exchange resin (hydrogen form) at a mass
ratio of 60:40 was packed. The resin preconcentration tip was a 200 pl micro-pipette tip,
in which 50 mg of Bio-Rad AG1-X8 resin was added. Glass wool was used to avoid
loss of AG1-X8 resin when inuse. Before use, both clean-up cartridge and resin
preconcentration tip were rinsed with 10 ml of 18 MQ water.

50 ml of sample solution was pumped at 5 ml/min through the clean-up cartridge and
resin preconcentration tip.  After extraction, the cleanup cartridge and resin
preconcentration tip were removed and washed separately with Sml of 18 MQ water each.
The resin preconcentration tip was eluted with 10 mM HCl at 0.1 ml/min. 500 pl of
effluent was collected in a 4 ml borosilicate glass vial for subsequent derivatization

reactions. After elution, the resin tip was regenerated with 2.5 ml of 1M HCl at 0.5
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ml/min and then 5 ml of 18 MQ water to be ready for next run.

3.2.2.2 Derivatization and fluorescence labeling

Glyphosate was converted to glycine using a previously reported method **.  Briefly,
to the 4 ml glass vial containing 500 pl of effluent, 60 ul of 200 mM sodium borate
buffer (pre-adjusted to pH 10.4 by NaOH) and 40 pl of 1 mM Ca(ClO), were added.
The mixture was vortexed and then placed in a 60°C water bath for 5 min. Then 20 pl
of 10 mM NaCN and 20 pl of 2.5 mM NDA were added, mixed thoroughly by vortexing,

and allowed to react in the dark at room temperature for 3 min only.

3.2.2.3 MEKC separation

All CE experiments were performed on a P/ACE 2100 capillary electrophoresis
system (Beckman Instruments, Fullerton, CA, USA) equipped with a laser-induced
fluorescence detector and P/ACE Station software (version 1.2) for instrument control
and data acquisition (Beckman). A 415 nm violet diode laser (model LDCU 12/4673,
Power Technology Inc., Little Rock, AR, USA) was used as the excitation source; The
laser was coupled to the LIF detector through an SMA fiber optic receptacle
(Omnichrome, Chino, CA, USA), 2 1 m multimode fiber optic patchcord with a
100/140-pm (core/cladding) diameter and SMA 906 connectors (Polyrhicro Technologies,
Phoenix, AZ, USA). The laser output power was 1 mW as measured at the outlet of

optic fibre. An XB84-500DF25 band pass filter (Omega Optical, Brattleboro, VT,
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Figure 3.2 (a) Clean-up cartridge beside a Canadian one dollar coin and (b) resin-packed

preconcentration tip.
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USA) was used to collect the fluorescence signal at 500 £12.5 nm. Data were
collected at 10 Hz with a detector response time of 0.1 s.  The capillary was always
thermostated at 25°C.

MEKC separations were performed at 12 kV (normal polarity) across a 37 cm-long
(30 cm to the detection window), 50 pm-i.d fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA). Injections were 3 s hydrodynamic at 0.5 psi. The
running buffer was 50 mM SDS and 20 mM sodium borate (pH 9.3). Before use each
new capillary was conditioned by flushing at 20 psi with 1 M NaOH for 10 min, distilled
water for 10 min, 0.1 M NaOH for 5 min and distilled water for 10min. Between runs
the capillary was washed at 20 psi with 0.1 M NaOH for 2 min, distilled water for 2 min

and running buffer for 3 min.

- 3.2.2.4 Analysis of real samples
The river water was taken from North Saskatchewan River and stored in Nalgene™
plastic bottles (Nalge Nunc International, Rochester, NY, USA) at 4°C for no more than
one week. The river water sample was spiked with glyphosate for testing of the

proposed method.

3.3 Results and discussion
3.3.1 Derivatization and fluorescent labeling

Many previous papers have used hypochlorite to convert glyphosate to glycine
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quantitatively, followed by fluorescence labeling using o-phthalaidehyde and
2-mercaptoethanol (Figure 3.1b) 20244849 51 Thiofluor (N,N-dimethyl-2-mercapto-
-ethylamine hydrochloride) *. However hypochlorite can continue to react with the
glycine product and thus reduce the overall conversion efficiency of glyphosate. So the
derivatization must be carefully optimized to obtain the highest yield of glycine. In this
work, the effluent from resin tip was in 10 mM HCI, and its pH must be adjusted to basic
to be suitable for subsequent reactions. Addition of 60 pl of 200 mM sodium borate
buffer (pre-adjusted to pH 10.4 by NaOH) to 500 pl of 10 uM glyphosate in 10 mM HCl
results in a final pH of 9.5, which is the recommended pH for NDA labeling reaction *’.
However this may not be the best pH for conversion of glyphosate to glycine “,

To determine the effect of hypochlorite concentration, 40 pl of 0.1 ~ 7 mM Ca(ClO),
(concentration before mixing) were added to 60 pl of 200 mM sodium borate buffer (pH
10.4) and 500 pl of 10 uM glyphosate. Note that the amount of glyphosate in this study
was always kept well below that of chlorite ion. After oxidation and fluorescence
labeling as described in Section 3.2.2.2, MEKC experiments showed that the glyphosate
peak area increased sharply upon addition of hypochlorite and then reached a plateau at
0.5 ~2 mM (Figure 3.3). At higher Ca(ClO), concentrations, the glyphosate peak area
decreased slowly because the excess hypochlorite can convert glycine to chloramines,
which are inactive to NDA. Thus 40 pl of 1 mM Ca(ClO), was used in all further

experiments.

66

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



800-
700- ‘\\\\\\\
600-

500-

400
-

300 -
200 -
100 -

o+ 11—
6o 1 2 3 4 65 6 7 8

Ca(ClO), Concentration (mM)

Peak Area

Figure 3.3 Effect of calcium hypochlorite concentration on glyphosate peak area.
Experimental conditions: 500 ul of 10 pM glyphosate in 10 mM HCI, 60 pl of 200 mM
sodium borate buffer (pH 10.4), 40 pl Ca(ClO),, 60°C water bath for S min. MEKC
separation conditions as in Section 3.2.2.3. Each data point is the average of duplicate
reactions. The size of the data points approximately reflects the reproducibility of

within 10%.
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Figure 3.4 Effect of NDA derivatization reaction time at 60°C on glyphosate peak area.
Experimental conditions: 500 pl of 10 pM glyphosate in 10 mM HCI, 60 pl of 200 mM

sodium borate buffer (pH10.4), 40 ul of 1 mM Ca(ClO),, 60°C water bath. MEKC

separation conditions as in Section 3.2.2.3. Each data point is the average of duplicate

reaction. The size of the data points approximately reflects the reproducibility of within

10%.
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Second, at this Ca(CIO), concentration, the effect of oxidative reaction time was
examined by mixing 500 ul of 10 pM glyphosate, 60 pl of 200 mM sodium borate buffer
(pH10.4) and 40 pl of 1 mM Ca(ClO),. After reaction at 60°C and subsequent
fluorescence labeling, the glyphosate peak area increased at longer reaction time. A
plateau at 7 ~ 15 min was observed as longer reaction times did not increase peak area
any more (Figure 3.4). A reaction time of 5 min was used throughout this study as a
compromise of reaction time and yield.

By comparing the glyphosate results with those obtained by directly labeling glycine,
it was determined that 51% of glyphosate was converted to glycine and labeled by NDA
at the above optimized conditions while only 9% and 16% of glyphosate were converted
at room temperature and 45°C, respectively. So 60°C was chosen as the oxidative
reaction temperature instead of 36°C *, 43°C  or 48°C *® used in previous papers.
Higher temperatures were not tested.

Optimization of the NaCN and NDA concentrations were more difficult.
Side-product formation was observed in NDA labeling reaction and caused interference
with detection of glyphosate. Figure 3.7B shows the electropherogram of a blank
experiment in which 20 pl of 40 mM NaCN and 20 pl of 10 mM NDA were mixed with
20 mM pH 9.5 sodium borate buffer. Typically 5 ~ 7 side product peaks were observed.
One of the side-products (at ~ 4 min) co-migrated with the glycine labeling product, no
matter how the separation conditions were adjusted. Its peak height roughly

corresponded to 50 nM glycine, but its peak height and area were highly irreproducible.
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These side-reactions were not due to impurities in the NDA, NaCN or any other reagents
as their peak area did not increase proportionally with the concentration of these reagents.
For example, even a 100-fold increase in NDA or NaCN concentrations compared to
those used in Section 3.2.2 resulted in only about a 1~2-fold increase in the side-product
peak area. Impurities that may be present in the solvent or glassware were also not
responsible for these interfering peaks. Injection of NDA itself or any other reagent did
not cause any interference. These side-product peaks only appeared in the presence of
both NDA and NaCN and posed severe problems in the detection of nanomolar levels of
glyphosate. The side-reaction mechanism is unclear. No similar reports of this
problem were found in literature with the exception of a PhD thesis by Kwakman in 1991
3 However no mechanistic studies were reported. Rather he just presumed that in
principle the formation of benzoin condensation side-products induced by cyanide was
possible °1. These side-product had highly reproducible migration times, but relatively
poor peak area reproducibility (peak area RSD > 50%). This made it very difficult to
quantitatively study the factors causing the side-products. Also, due to the high salt
concentration in the reaction mixture, identification of these side-products was not
possible using mass spectrometry. Thus no further efforts were directed towards
identifying these side products or their formation mechanism.

However a number of observations about the side product formation can be made on
the basis of my work. The side-product formation can be minimized by using very low

NDA and NaCN concentrations (e.g., 2.5 mM and 10 mM, respectively). This may be
70

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



because the side-reactions have higher orders of reaction kinetics and thus reach
completion more slowly than the labeling reaction of glycine. However, the use of
lower reagent concentrations necessitates a large increase in the reaction time. To find a
compromise between reaction rate and minimization of side-product peaks, the effect of
NDA concentration was examined using 20 pl 0of 0.625 ~ 10 mM (concentration before
mixing). Figure 3.5 shows that the glyphosate peak area increased up to 2.5 mM NDA,
above which no further increase was observed. Similarly, the glyphosate peak area
increased from 20 pl of 5 ~ 10 mM NaCN (concentration before mixing) but showed no
significant change above 10 mM (Figure 3.6). Note that the NDA and NaCN
concentrations were always in great excess in this work, so the effect of reagent
concentration on glycine labelling is due to reaction kinetics rather than stoichiometry.
20 pl of 2.5 mM NDA and 20 pul of 10 mM NaCN were selected as the optimal reaction
conditions because under these conditions the labeling reaction rate was not greatly
affected but the side-products were almost negligible. In Figure 3.7 one can see that
almost no side-reaction was observed when 2.5 mM NDA and 10 mM NaCN were used
(Blank B) but the side-product peaks appeared when reagent concentrations were
increased to 10 mM NDA and 40 mM NaCN (Blank A, the recommended reagent

concentrations in most papers *’).
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Figure 3.5 Effect of NDA concentration on glycine labeling. First glyphosate was
oxidized by mixing 500 ul of 10 uM glyphosate in 10 mM HCI, 60 pl of 200 mM sodium
borate buffer (pH10.4) and 40 pl of 1 mM Ca(ClO);, and reacting in 60°C water bath for
Smin. To 600 pl of glyphosate conversion reaction mixture, add 20 ul of 10 mM NaCN
and 20 pl NDA. Reaction at room temperature for 3 min. Other reaction conditions

are as described in Section 3.2.2.2. Each data point is the average of duplicate reactions.

The size of the data points approximately reflects the reproducibility of within 10%.
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Figure 3.6 Effect of NaCN concentration on glycine labeling.  First, glyphosate was
oxidized by mixing 500 ul of 10 uM glyphosate in 10 mM HC], 60 pl of 200 mM sodium
borate buffer (pH10.4) and 40 pl of 1 mM Ca(ClO), and reacting in 60°C water bath for
5min. To 600 pul of glyphosate conversion reaction mixture, add 20 ul of 2.5 mM NDA
and 20 pl NaCN. Reaction at room temperature for 3 min. Other reaction conditions
are as described in Section 3.2.2.2. Each data point is the average of duplicate reactions.

The size of the data points approximately reflects the reproducibility of within 10%.
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Figuare 3.7 Typical electropherogram of side-reaction products in blank reaction. 600 pl
of 20 mM pH 9.5 sodium borate was mixed with (A) 20 ul of 40 mM NaCN and 20 pl of
10 mM NDA; (B) 20 pl of 10 mM NaCN and 20 pl of 2.5 mM NDA. Reaction at room

temperature for 3 min. Other reaction conditions are as described in Section 3.2.2.2.
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3.3.2 Preconcentration on AG1-X8 resin tip

Fifty milliliters of 50 nM glyphosate was pumped through AG1-X8 resin tip at 1, 3, 5
and 8 ml/min, respectively. The glyphosate was then eluted at 0.1 ml/min 10 mM HCI,
derivatized as described in Section 3.2.2.2 and separated as in Section 3.2.2.3. No
significant change (<3.6%) in peak area was observed. Thus the preconcentration was
not affected by the flow rate used for sample loading. Five ml/min was used for all
subsequent experiments. On the other hand, elution flow rate did strongly affect
glyphosate recovery from the anion exchange preconcentration column. Table 3.1
shows that the recovery percentage decreased at increasing flow rate of 10 mM HCL. At
0.1 ml/min, the first 500 pl effluent had 88% recovery, however at 0.8 ml/min, the
recovery of the first 500 pl was decreased to 62%. Also, the total recovery of first and
second 500 pl fractions went down from 103% at 0.1 ml/min to 86% at 0.8 ml/min. The
strong elution rate dependence indicates that it would take more time for the 10 mM HCl
to diffuse into the mesopores of resin beads to elute as much glyphosate as possible from
the resin preconcentration tip. In all further experiments, a slow elution rate of 0.1
ml/min was used.

The HCI concentration for elution of glyphosate from the anion exchange
preconcentration column was fixed at 10 mM. It was not studied in this work because
lower HC1 concentration would necessitate larger elution volumes and thus low
concentration ratio, while higher HCI concentrations would make it difficult to adjust the

pH after elution.
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Table 3.1 Effect of elution flow rate on the recovery of glyphosate standard ?

Elution flow rate | Recovery of 1500 | Recovery of 2" 500 | Recovery sum of 1%
(ml/min) ul effluent (%) ul effluent (%) and 2™ fractions (%)

0.1 88+t1 15%3 103+1

0.2 72+1 2243 94+2

0.5 67%2 2413 91+1

0.8 62+2 2412 860

a. Experimental conditions: 50 ml of 100 nM glyphosate was pumped through the

AG1-X8 resin tip at 5 ml/min and then eluted with 10 mM HCI at different flow

rates. Recovery data were calculated based on comparison with direct labelling

500 pl of 10 pM glyphosate as described in Section 3.2.2.2.  Other conditions

are as in Section 3.2. Average recovery of duplicate SPE runs.

3.3.3 Quantitative analysis of standard glyphosate solutions

Under optimized conditions above, 50 ml of 1 ~ 100 nM glyphosate was

concentrated on the AG1-X8 resin tip. Figure 3.8 shows the electropherogram for 50 ml

of a 1 nM glyphosate standard, processed as in Section 3.2.2. The corresponding peak

area showed a linear relationship in this concentration range with R?=0.999 and zero

intercept with the 95% confidence level (Figure 3.9).

The concentration limit of

detection (LOD) based on a S/N ratio of 3 was 0.2 nM, and reproducibility of peak area
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measured at 20 nM (RSD) was 4.9% (n=9).
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Figure 3.8 Electropherogram of 50 ml of 1 nM glyphosate standard, processed as in

Section 3.2.2.
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Figure 3.9 Calibration curve of glyphosate standards. Experimental conditions as

described in Section 3.2.2. Each data point is the average of duplicate reactions. The

size of the data points approximately reflects the reproducibility of within 8%.
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3.3.4 Clean-up of real samples

When 50 ml of river water sample spiked at the level of 50 nM glyphosate was
pumped directly through the AG1-X8 resin tip, only 7% of the glyphosate was recovered.
This low recovery percentage was attributed to the large amount of inorganic ions (and
organic compounds as well) present in the sample that can compete with glyphosate and

5. Similar to Patsias’s work Y a

interfere with the ion exchange retention mechanism *
clean-up cartridge filled with 300 mg of mixture of Purolite A-510 macroporous type II

strong base anion exchange resin(chloride form) and Purolite C-100H strong acid cation
exchange resin (hydrogen form) at a mass ratio of 60:40 was coupled on-line before the

AG1-X8 resin tip (Figure 3.2b). This mixing ratio is selected because both resins have
roughly the same exchange capacity. When the spiked river water sample passes

through the clean-up cartridge, interfering inorganic ions (and some organic compounds

as well) are retained on the cartridge, as shown below:

On C-100H: RSOz H* + M* =————= RSOz M"+ H"

On A- 510: R{CH3)p{C,H,OH)N*CI" + A~ ==—===—== R(CH3),(C;H,OH)N" A" + CI"

Scheme 3.1 the behavior of interfering ionic species on the mixed-bed ion exchange resin

However, glyphosate is an amphoteric compound with pKa; 0.8 (1st phosphonic), pKa,

2.3 (carboxylic), pKaz 6.0 (2nd phosphonic), and pKas 11.0 (amine) 2 and can be written
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simply as HB. When it flows through the mixed resin,

H,'B H*B" B
+ +
RSO H* R(CH3),(C,H,OH)N*CI-
RSO;(H,'B) R(CH3)(C.H,OH)N* B
+ +
H* cr

Scheme 3.2 the behavior of glyphosate on the mixed-bed ion exchange resin

The ion exchange reactions on both types of resins would pull the equilibrium H,'B
= H'B° == B’in the opposite directions. As a result, glyphosate is not
retained in the mixed resin column and thus has low loss on cleanup cartridge. To
examine how much glyphosate was retained on the mixed bed clean-up cartridge and thus
lost, 50 ml of 100 nM glyphosate standard solution was pumped through clean-up
cartridge and then the anion exchange preconcentration tip at 5 ml/min. The glyphosate
peak area after derivatization was compared with the result for same sample solution
passed directly through the preconcentration tip only. 55% of the incoming glyphosate
can pass throﬁgh the cleanup cartridge. Given that 88% of glyphosate can be recovered
using AG1-X8 resin tip (Table 3.1), an overall recovery of 48% was obtained.

Prior to analysis it was necessary to check if the sample matrix will overwhelm the

capacity of the cleanup cartridge. First, 50 ml of river water spiked at 100 nM
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glyphosate was processed but it was found that only 10%, 3% and 2% of glyphosate was
recovered for the three consecutive runs using the same clean-up cartridge. This resuit
indicated that the river water contains too many interfering species. Thus 5 ml of the
spiked water samples was 10-fold diluted and the resultant 50 ml of diluted sample
solution was processed as in Section 3.2.2. Only two runs were preformed on each new
cleanup cartridge. Good linearity was observed from 40 ~2000 nM with R?*=0.999 and
zero intercept with the 95% confidence level (spiked concentrations before 10-fold
dilution, Figure 3.10). The concentration limit of detection was 5.8 nM.
Reproducibility of peak area at 500 nM was RSD =6.3% (n=9). Consecutively using
the same clean-up cartridge showed that for the first 7 runs the observed peak areas

remained essentially constant (<3% change in peak area) and then started decreasing

gradually (Figure 3.11).

3.4 Conclusion

In this chapter, an off-line preconcentration technique based on ion-exchanger, was
used to extract glyphosate from river water sample, followed by conversion, fluorescence
labeling and CZE-LIF analysis. Detection limits of 0.2 nM were obtained for
glyphosate standard solutions. This is comparable to the lowest LOD reported **.  For
spiked river water sample, a clean-up procedure is required to eliminate other ionic
compounds present in river water but nearly half of the glyphosate was lost. Future

work is needed to minimize the loss of glyphosate on clean-up cartridge and improve the
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Figure 3.10 Calibration curve of spiked river water sample. 5 ml of river water was
spiked by glyphosate, diluted to 50 ml and then processed as in Section 2.2.2. Each data
point is average of duplicate measurement. The size of the data points approximately

reflects the reproducibility of within 8%.

82

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



Peak area
-—
(4]
e

100

50+

0'I'l'l'l'l'l'l'l'l'l'l'l'l

01 2 3 45 6 7 8 9 101112 13
Number of runs

Figure 3.11 Lifetime of a Purolite mixed resin clean-up cartridge. Each data point is

average of duplicate measurement at two clean-up cartridges. The size of the data

points approximately reflects the reproducibility of within 8%.
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Chapter 4. A Capillary-Tip Chromatographic Beads-Packed Monolithic
Preconcentrator — Fabrication, Characterization and Application in
Determination of Herbicides Using Capillary Electrophoresis — Laser

Induced Fluorescence Detection

4.1 Introduction

Capillary electrophoresis (CE) has become one of the major separation
techniques', despite complaints about its poor detection sensitivity almost‘since its
invention. This is especially true when ultraviolet detection is used. For decades
analytical chemists have worked to solve this problem in different ways. More sensitive
detection schemes have been coupled to capillary, including sheath-flow laser-induced
fluorescence detection (LIF), electrochemical detection and mass spectrometry 2.
Another way is to use a conventional detector and enrich the analytes from diluted
sample solutions in either an off-line or on-line manner. On-line enrichment methods are
usually preferred because they have a lower sample usage and less time-consuming steps
3.

As described in Chapter 1, on-line pre-concentration techniques may be classified
into two groups: (a) electrophoresis-based stacking or sweeping; and (b) solid phase
extraction (SPE)-based pre-concentration. In stacking or sweeping, a discontinuous
buffer system within the capillary causes the acceleration/deceleration of the analyte
migration upon crossing the interface of discontinuous buffer zones +10 The high salt
stacking in Chapter 2 is an example of this approach. An advantage of stacking and
sweeping pre-concentration is that no modifications need be done inside the capillary or

89

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



on capillary inner wall. However stacking and sweeping pre-concentration factors are
very sensitive to the sample matrix. In SPE-based pre-concentration methods, a SPE
material is immobilized inside the capillary to selectively capture analytes when the
sample solution passes through ', In-capillary frits are usually required to retain the
SPE material within the capillary. These frits can cause serious problems such as bubble
formation and mismatched EOF '2. Harrison’s group reported the use of weirs to retain
octadecylsilane (ODS) packing in a 330 pl chamber on a microfluidic device for up to
500-fold on-chip preconcentration of BODIPY >4,

Alternatively, SPE materials can be held in place by monolith techniques '> '

, as
described in Section 1.3.2. For example, Baryla and co-worker '® reported a monolithic
methacrylate polymer fabricated at the inlet end of a capillary by photo-initiated
polymerization to pre-concentrate S-propranolol in the low nanomolar range. Sol-gel
monolith chemistry has been widely used in separation sciences !”. The fabrication,
characterization and applications of sol-gel monoliths have been extensively reviewed '
'8 Many papers have explored chromatographic beads entrapped in a silica sol-gel
monolith for capillary electrochromatography (CEC) or capillary liquid chromatography
182 However, the separation performance of such columns is usually modest 20 due to
difficulties in fabricating homogeneous monolith columns. This indicates that a sol-gel
monolith may not be suitable for high-performance separations. However they still show
promise for preconcentration purposes.

The objective of the research in this chapter is the development of a capillary-tip

on-line pre-concentrator for charged analytes after fluorescence derivatization. The

selected test analytes are ampropylfos (AMPR) and glufosinate (GLUF), as shown in
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Figure 4.1. They are widely employed as non-selective, post-emergence contact
herbicides. As discussed in Chapter 3, it is important to detect herbicide residues in
natural environment and foods as these residues can cause problems to human health.
Polymeric chromatographic beads PRP-1 were entrapped into an alkoxide sol-gel
monolith to pre-concentrate the analytes at the capillary tip. The retained analytes were
then eluted as a highly—concentrated short sample plug and separated by capillary
electrophoresis and detected by LIF. The proposed method may be applied to detect

residues of these herbicides in soil, water, foods, vegetables and fruits.

o o o}
\\P _OH \\P _OH
\ OH \
OH CH;
Ampropylfos (AMPR) Glufosinate (GLUF)

CN
CHO
R-NH, _=
— NR
CN- .
CHO
Naphthalene-2, 3-

dicarboxaldehyde (NDA)

Figure 4.1 Molecular structures of test analytes and derivatization products. R stands for

non-amino group moieties in AMPR/GLUF.

4.2 Experimental
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4.2.1 Reagents and Materials

Poly (ethylene glycol) (PEG typical Mn 10,000), sodium hydroxide (min. 98%),
tetramethyl orﬂnésilicate (TMOS, 98%), ampropylfos (3-aminopropylphosphonic acid,
AMPR, 99%), sodium cyanide (99.98%), and naphthalene-2, 3-dicarboxaldehyde (NDA,
98%) were purchased from Aldrich (Milwaukee, WI, USA). Glufosinate ammonium
(GLUF, 97.5%) was from Riedel-de Haén Laborchemikalien GmbH & Co.KG (Seelze,
Germany). The structures of the test analytes AMPR, GLUF, and their NDA-derivatives
are shown in Figure 4.1. Sodium tetraborate was from BDH (Poole, England).
Acetonitrile (HPLC grade) was from Fisher (Fair Lawn, NJ, USA). Acetic acid was from
Anachemia (Rouses, NY, USA). Sodium chloride was from EMD Chemicals (Gibbstown,
NJ, USA). All solutions were prepared with Nanopure 18 MQ water (Barnstead, Chicago,
IL, USA) except NDA which was in acetonitrile. All CE running buffers and eluents
were filtered with 0.45 pm MILLEX®-HA mixed cellulose esters filter units (Millipore,
Molsheim, France) before use.

PRP-1 bulk packing 3 um (lot No: 600F) was purchased from Hamilton (Reno,
Nevada, USA). This is a polystyrene divinylbenzene HPLC packing possessing 100 A
mesopores. B-D 1-ml syringe and 26G1/2 sterile needles were from Beckton, Dickinson

and Company (Franklin Lakes, NJ, USA).

4.2.2 Fabrication of PRP-1 packed monolith
A 120 cm-long 75 pum-i.d 360 pm-o.d fused-silica capillary (Polymicro, Phoenix,
AZ) was conditioned by rinsing at 20 psi with 1 M NaOH for 60 min, 0.1 M NaOH for

30 min and finally water for 60 min. After conditioning, the long capillary was cut into
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about 15 cm-long segments and placed in a 120°C drying oven for 2 hours.

The alkoxide-based sol-gel solution was prepared by adding 2.5 ml of 10 mM
acetic acid to 220 mg PEG in a 5 ml beaker. The solution was stirred gently to dissolve
the PEG then the beaker was semi-buried into an ice bath and 1 ml of TMOS was added.
The solution was allowed to react with stirring for 45 min. The interface between the two
layers disappeared after about 30 min and finally a homogeneous sol-gel solution was
obtained.

The PRP-1 beads were entrapped in the silica sol-gel monolithic segments as
follows. First weigh 75 mg of PRP-1 beads into a 1.5 ml micro-centrifuge tube. Next,
500 pl of the freshly prepared sol-gel solution was added. The suspension was
immediately vortexed vigorously for 3 min on a MV1 mini vortexer (VWR International,
West Chester, PA, USA) to ensure thorough mixing, and then sonicated on a 75HT
sonicator (VWR) for 1 min to degas. The PRP-1 sol-gel suspension solution was charged
into 15 cm-long capillary segments using a 1-ml syringe connected to the capillary
through a 26G1/2 sterile needle and a 5 mm x 0.015” i.d. PE-20 polyethylene tubing
(Clay Adams, Parsippany, NJ, USA). The packed capillary segments were checked
carefully for uniform filling and distribution using a 200X optical microscope (BH-2,
Olympus, Lake Success, NY, USA). If the capillary was uniformly filled, both ends of
the capillary were sealed by connecting to a S mm x 0.015” i.d. polyethylene tubing and
immersed into a 40°C water bath for incubation overnight (about 18 h). After incubation,
the packed monolith was flushed briefly with water and acetonitrile, and then checked
again using the 200X optical microscope for monolith structure uniformity. These

packed capillary segments were filled with acetonitrile and both ends were sealed with
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polyethylene tubing for storage. No degradation was observed for storage times up to
four weeks.

Immediately before use, a pre-conditioning procedure was required. From the
PRP-1 packed monolith segment, a ~1-mm segment was cut using a capillary cutting
stone (Beckman). This short monolith segment was attached to the inlet tip of a bare
capillary using a short polyethylene tubing as shown in Figure 4.2. The pre-conditioning
procedure was carried out by rinsing with 25 mM sodium borate buffer at 20 psi for 60

min, followed by running buffer for 5 min.

Polyethelene Tubing

XXX
XL

PRP-1 Packed Capillary SR

g Bare Capillary

Polyethyleng Tubing

Figure 4.2 PRP-1 packed monolith tip attached to the inlet of bare capillary. Not drawn

to scale.

4.2.3 SEM imaging

All SEM experiments were performed on a JSM6301 FVX scanning electron
microscope (Japan Electron Optics Ltd.) located in the Department of Earth and
Atmospheric Sciences, University of Alberta. As described in Section 4.2.2, the 1-mm
PRP-1 packed monolith segment was attached to the inlet end of a capillary cartridge,

pre-conditioned, rinsed briefly with water and air-dried. Then the preconditioned PRP-1
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tip was fixed vertically to the SEM sample holder using epoxy resin. Silver paint was
applied to the base of the capillary tubes to provide a line of conductivity to the stub.
200A of gold was sputtered onto the segment (2 min sputtering time). SEM images were

taken at an acceleration voltage of 1 kV and a working distance of 8 ~ 19 mm.

4.2.4 Fluorescence derivatization

Diluted mixed analyte solutions were prepared from 1 mM stock solutions of
AMPR and GLUF. To a 4 ml glass vial were added 200 pl of diluted analyte solution,
200 pl of 20 mM NaCN and 80 pl of 5 mM NDA, and then diluted by 25 mM pH 9.4
sodium borate buffer to a total volume of 4 ml. The reaction mixture was vortexed
briefly and allowed to react at room temperature in the dark for 30 min. This reaction
solution was diluted 100-fold in 15 mM pH 4.8 sodium acetate buffer containing 100 mM

NaCl before sample injection.

42.5 CE separation

All CE experiments were performed on a P/ACE 2100 capillary electrophoresis
system (Beckman Instruments, Fullerton, CA, USA) equipped with a laser-induced
fluorescence detector and P/ACE Station software (version 1.2, Beckman) for instrument
control and data acquisition. The P/ACE 2100 instrument had been upgraded to include
many features of a P/ACE 5000 series instrument, including the ability to simultaneously
apply both voltage and pressure. A 415 nm violet diode laser (model LDCU 12/4673,
Power Technology Inc., Little Rock, AR, USA) was used as the excitation source. The

laser was coupled to the LIF detector through an SMA fiber optic receptacle, a 1-m
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multimode fiber optic patchcord with a 100/140-pm (core/cladding) diameter and SMA
906 connectors (Polymicro Technologies, Phoenix, AZ, USA). An XB84-500DF25 band
pass filter (Omega Optical, Brattleboro, VT, USA) was used to collect the fluorescence

signal at 500 £=12.5 nm. The laser output power was 0.2 mW as measured at the outlet

of optic fibre. Data were collected at 10 Hz with a detector response time of 0.1 s. The
capillary was always thermostated at 25°C.

CE separations were performed at 20 kV (normal polarity) across a 37 cm-long
(30 cm to the detection window), 50 pum-i.d fused-silica capillary. The CE running buffer
was 15 mM pH 4.8 sodium acetate buffer unless stated otherwise. Before use each new
bare capillary was conditioned by flushing at 20 psi with 1 M NaOH for 10 min, distilled
water for 10 min, 0.1 M NaOH for 5 min and distilled water for 10min.

For CE experiments without the PRP-1 tip, injections were 3 s hydrodynamic at
0.5 psi. Between runs the capillary was washed at 20 psi with 0.1 M NaOH for 2 min,
distilled water for 2 min and running buffer for 5 min.

For CE experiments with the PRP tip, a 1-mm PRP-1-packed monolith segment
was cut and attached to the inlet tip of the 37 cm bare capillary using a short polyethylene
tubing, as shown in Figure 4.2. The complete running procedure was as follows: The
sample was injected at 20 psi for 5 min, followed by a 0.3 min rinse at 20 psi with
running buffer. After injection of eluent containing 15 mM pH 4.8 sodium acetate buffer
and acetonitrile (40:60) at 0.5 psi for 5 s, the 5 min electropherogram was initiated upon
application of 20 kV voltage plus 0.5 psi forward pressure. Between runs, the PRP-1 tip
and capillary were washed at 20 psi with eluent for 0.5 min and then 15 mM pH 4.8

acetate buffer for 1 min. At the end of day, the PRP-1 tip was discarded and the bare
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capillary was cleaned by rinsing at 20 psi with 0.1 M NaOH for 15 min and distilled

water for 15 min.

4.3 Results and Discussion
4.3.1 Fabrication and pre-conditioning of the PRP-1 monolith tips

The monolith fabrication procedure was adapted from the method of Tanaka and
coworkers 2*. However, our monolith is employed solely as an inert support for the
HPLC packing beads. Thus no mesopores are needed. In our recipe no urea was used
nor was the monolith heated above 100°C. The lack of mesopores allowed simplification
of Tanaka’s procedure and may bring us some extra advantages if biological recognizing
elements are used to selectively extract analytes from sample solutions in future work.

Figure 4.3 shows scanning electron micrograms (SEM) of the polystyrene
divinylbenzene PRP-1 chromatographic beads. The PRP-1 beads are nominally 3 um in
diameter. Most beads agree well to this nominal size. However, there is significant
dispersivity evident in Figure 4.3a, where beads range in diameter from 1.5 to 4.7 pm.
Figure 4.3b is a close-up image of a single PRP-1 bead. In particular, one can note the
roughened surface of the bead. This textured surface will be used later to identify the
beads versus the sol-gel skeleton.

Figure 4.4 shows the alkoxide monolith without entrapped beads after incubation
at 40°C 6vernight. One can see that after incubation the alkoxide silica sol-gel has
become a porous network structure attached firmly to the surface of capillary. The sol gel
skeleton is about 1 pum in diameter and contains throughpores of approximately 2~10 pm

in diameter. These values are smaller than Tanaka’s monolith (2 and 8 pm, respectively,
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Figure 4.3 PRP-1 beads, Magnification: (a) 5000X; (b) 15,000X.
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Figure 4.4 Sol-gel monolithic structure (without packed PRP-1 beads). Magnification: (a)
1000X; (b) 7500X
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Reference %, Table 2), although the cross-section images looks very similar to Tanaka’s
monolith (Ref 2, Figure 1a). CE experiments were performed as described in Section
4.2.5 but 1 mm sol-gel monolith tip without packed PRP-1 beads was used. No
detectable peaks were observed and thus it was confirmed that no analytes used in this
work were retained on capillary wall or silica monolith without embedded PRP-1 beads.
The porous structure of the monolith can provide an inert support to immobilize
HPLC beads 2. The particle entrapment eliminates the need to fabricate frits to retain
the chromatographic beads. In this work the PRP-1 beads were added to the sol-gel
solution and charged into the capillary. The capillary was then incubated overnight at
40°C. Figure 4.5 shows the SEM images of PRP-1 beads entrapped in our sol-gel
monolith. It is evident in Figure 4.5b that almost all PRP-1 beads are completely
encapsulated by a thin sol-gel silica coating “shell”. The presence of the “shell” is also
indicated by the fusion of particles due to the formation of a sol-gel silica “bridge”
between the individual particles. It is believed that these bridges provide the
chromatographic bed with its structural integrity. Similar bridges are evident in Dulay
and co-workers’ studies %, but are not evident in Chirica and Remcho’s work 1.2
Chirica and Remcho attributed immobilization of their Nucleosil C18 HPLC particles to a
small amount of irregularly shaped silica fragments located between the particles in their
SEM images (reference 2!, Figure 2). In contrast, Dulay and co-workers showed SEM
images of their monolith in which the HPLC particles appear imbedded within the bulk
sol-gel silica (reference 2 Figure 1b). The entire interstitial space between the HPLC
particles is filled with a featureless sol-gel silica, i.e., no skeletal silica structure is evident

2. This implies that the presence of this interstitial silica shell depends more on the
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“Bridge” due to
Silica Fusion

Exposed

Silica Shell PRP-1 Surface

Figure 4.5 PRP-1-packed monolith, before pre-conditioning. Magnification: (a) 1200X;
(b) 7500X.
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fabrication protocols of the sol-gel monoliths, not on the material properties of the
entrapped HPLC beads because both groups used the same type of chromatographic
particles.

In Figure 4.3b it was shown that the PRP-1 beads display a textured or roughened
surface. Thus the presence or absence of this texturing feature allows an assessment of
whether the surface of the beads are exposed or covered by the sol-gel. Figure 4.5b
shows that only a very small fraction of the beads have surface that is exposed to the
solution. The presence of the sol-gel shell surrounding the PRP-1 beads strongly affects
its chromatographic retention. For instance, CE experiments with packed monoliths such
as shown in Figure 4.5 displayed a poor pre-concentration performance for derivatized
AMPR and GLUF. In Figure 4.7A, only a small AMPR peak was observed, and GLUF,
although with three times concentration injected as AMPR, was barely detectable. Thus,
while the sol-gel provides structural integrity to the PRP-1 bed, the formation of a shell
around each particle interferes with analyte access to the stationary phase.

A simple solution to this problem is what we called the pre-conditioning
procedure. That is, rinsing the PRP-1 beads packed monolith with 25 mM pH 9.4 sodium
borate buffer at 20 psi for 60 min. The SEM images in Figure 4.6 show that after 60 min
pre-conditioning the shell enéapsulating PRP-1 beads has been partially dissolved and
peeled off. As aresult, much more of the surface of the PRP-1 beads is exposed to the
sample solution. The increased exposure of the PRP-1 surface results in greater retention
of the analytes. Figure 4.7 illustrates the effect of increasing the time during which the
PRP-1 monolith is pre-conditioned with 25 mM sodium borate (pH 9.4). Each monolith

was mounted onto the inlet of the separation capillary, and then a mixture of 5 nM AMPR
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and 15 nM GLUF was loaded onto the capillary for 5 min at 20 psi. The analytes were
then eluted and separated as detailed in Section 4.2.5. Under these conditions, the
electropherograms (Figure 4.7B ~ G) contain a negative dip caused by the acetonitrile
and indicating the combined EOF and pressure flow, and then peaks for AMPR and
finally GLUF. As the pre-conditioning time is increased (from Figure 4.7A to 4.7G), the
peak heights for both AMPR and GLUF increase dramatically. This indicates that
monoliths that have been pre-conditioned for longer periods of time can pre-concentrate
AMPR and GLUF more effectively. However, the peaks for the two analytes do not
increase in same proportion. Prior to pre-conditioning only AMPR peak is detected
(Figure 4.7A). As the pre-conditioning is performed, the GLUF peak appears (10 min
pre-conditioning, Figure 4.7B), and increases in size quickly (Figures 4.7C-4.7G) but
remains smaller than the AMPR peak despite GLUF being three times more concentrated.
The two key cbservations from Figure 4.7 are that the pre-conditioning improves
analyte preconcentration by the PRP-1 tips and that there is some sample discrimination
in this preconcentration. The mechanism hidden behind these behaviors may be as
follows. Before pre-conditioning, the PRP-1 beads are almost completely coated by the
silica shell, as shown in Figure 4.5. Silica has an isoelectric point of around 2.5 *. Thus,
the silica shell is negatively charged in the pH 4.8 buffers used in this work. The
negatively charged shell surface would strongly repel the negatively charged analytes, i.e.,
the analytes would experience Donnan exclusion *® and most of the analytes will be lost.
At pH 4.8 the derivatization product of GLUF would be more negatively charged than
AMPR (discussed in Section 4.3.2.1). As a consequence, the GLUF would experience

greater Donnan exclusion upon approaching the totally entrapped PRP-1 beads. Thus
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Figure 4.6 PRP-1-packed monolith, after pre-conditioning with 25 mM borate solution at

20 psi for 60 min. Magnification: (a) 1200X; (b) 5500X
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Figure 4.7 Effect of pre-conditioning time. A) Before pre-conditioning, B) ~ G) after pre-
conditioning with 25 mM pH 9.4 sodium borate buffer at 20 psi for each period of 10 min,

H) after pre-conditioning with 15 mM pH 4.8 sodium acetate buffer at 20 psi for 60 min.

this Donnan exclusion resulted in low pre-concentration of AMPR and no detectable
GLUF in Figure 4.7A. As pre-conditioning proceeds, the silica shell dissolves partially,
resulting in exposure of more and more of the PRP-1 bead surface to the sample solution,
as shown in Figure 4.6. This reduced the Donnan exclusion caused by the silica shell,
allowing greater and greater pre-concentration of the analytes. Also, as GLUF initially
experiences greater Donnan exclusion, its peak heights increase more dramatically than
AMPR.

As a control study of the pre-conditioning procedure, a PRP-1 monolith tip was

pre-conditioned with 15 mM pH 4.8 sodium acetate buffer at 20 psi for 60 min. No
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dissolution of the sol-gel would be expected at this pH. The resultant electropherogram
(Figure 4.7H) is identical to that in Figure 4.7A (no pre-conditioning), showing only a
low AMPR peak and no GLUF. The SEM image in Figure 4.8 also confirms that the
coating shell remains almost intact. This indicates that the pre-conditioning procedure is
not simply a physical phenomenon due to erosion by the hydrodynamic flow. Rather
chemical dissolution is important. Using the pH 9.4 sodium borate buffer a 60 min
conditioning time seems optimal for this project. High pre-concentration levels were
obtained without undermining the monolithic structure. If the pre-conditioning time was
longer than 90 min or the pH of the pre-conditioning buffer was higher than 9.4, the
monolith was totally dissolved. All further experiments were performed on PRP-1
monolith segments that were pre-conditioned for 60 min with 25 mM pH 9.4 sodium

borate buffer.

4.3.2 Operation of the Pre-concentration Tip

Typically in CZE the EOF arising from the negative charge of the bare capillary
inner wall is responsible for the bulk solution flow. In our work, the low pH (4.8) of the
running buffer results in a slow EOF (about 1.2 x 10 em*/Vs) in the absence of any pre-
concentrator. When the short monolith tip (~1 mm) was attached to the inlet of a normal
bare CZE capillary, as shown in Figure 4.2, it induced a resistance to flow. Fortunately,
the PRP-1 tip has good permeability and the use of a short monolith segment caused only
very low flow resistance. Thus, application of a low forward pressure (0.5 psi), in
addition to the 20 kV running voltage, allowed separations to be performed in only 5 min.

The simultaneous application of pressure and voltage is known as pressure-assisted
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Figure 4.8 PRP-1-packed monolith, after pre-conditioning with 15 mM pH 4.8 acetate
buffer at 20 psi for 60 min. Magnification: (a) 1100X; (b) 7500X.
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capillary electrophoresis or capillary electrokinetic chromatography 127

Between runs the PRP-1 tip was rinsed at 20 psi with eluent (15 mM pH 4.8
sodium acetate buffer and acetonitrile (40:60)) for 0.5 min to remove any strongly
retained compounds that may be present in real samples. A subsequent 1 min rinse at 20
psi with running buffer (15 mM pH 4.8 sodium acetate) washes out the organic solvent,
and thus prepares the PRP-1 tip for the pre-concentration step. Sample solution was
injected at 20 psi for S min. The PRP-1 tip was then washed with running buffer to
remove interstitial sample solution in the PRP-1 tip and bare capillary. The retained
analytes were then eluted using a 5 s injection of eluent at 0.5 psi. In this work the
eluting strength was not studied as the current organic solvent ratio is strong enough to

elute all extracted analytes on the PRP-1 beads.

4.3.2.1 Charge state of analytes

Both AMPR and GLUF contain primary amino groups. These amine
functionalities are derivatized with the fluorogenic dye NDA so that the products can be
detected using fluorescence. The structures of the analytes and their NDA-derivatives are
shown in Figure 4.1. In addition, the derivatization adds a large hydrophobic group to
AMPR and GLUF. This enables retention of the derivatization products on the
hydrophobic PRP-1 beads, the HPLC packing beads entrapped in monolith. However,
derivatives of AMPR and GLUF are negatively charged at the pH used for pre-
concentration (pH 4.8) in this work. This negative charge enables their separation by
CZE after elution from the PRP-1 tip.

In the CZE running buffer, the charge state of the derivatization products affects
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both their separation and preconcentration performance. No literature pKa data are
available for the derivatization products. Nonetheless, we can estimate their pKa.
Underivatized AMPR has pK,; = 0.62 and pKa; = 5.53 for the phosphonic acid and
pK3=10.46 for the protonated ammonium ion 2. Similarly, propyl phosphonic acid (i.e.,
AMPR without the amino group) has pKa; = 2.49 and pKa» = 8.18 . In comparing these
two compounds one finds that the AMPR pK, values decrease by ~ 2 units because the
protonated ammonium ion, as an strong electron-withdrawing substituent, causes an acid-
strengthening effect *°. The protonated ammonium ion also strongly repels approaching
hydronium and thus makes the phosphonic acid group easier to release hydronium. After
derivatization, delocalization of the lone electron pair on the nitrogen atom into the
aromatic benz[f]isoindole ring makes it harder to protonate the nitrogen and the acid-
strengthening effect is greatly reduced. As a result, it would be expected that the pK,
values of the phosphonic acid group would increase by 1-2 units.

GLUF has a pK,; = 1.17 for carboxylic acid, pKa = 2.69 for the phosphonic acid
and pK,3=9.42 for the protonated ammonium ion 3! The pKa; of the carboxylic acid in
GLUF is much lower than normal carboxylic acids for same reason as with AMPR.
However the protonated ammonium ion in GLUF does not have a significant effect on
the phosphonic acid (pKa2), as the ammonium is far from the phosphonic acid group.
After derivatization, we expect GLUF’s pK,; to increase by 1-2 unit, but pKy, to remain
essentially unchanged.

In this work, buffers ranging from pH 8.5 to 4.8 were used. Thus, based on the
above discussion, a number of predictions about the charge state of the derivatization

products can be made. First, the GLUF derivatization product will have a greater
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negative charge than the AMPR derivatization product. Second, the negative charge of
both derivatization products will decrease with pH. Third, from pH 8.5 to 4.8, the
negative charge of the GLUF derivatization product will decrease more slowly than that

of the AMPR derivatization product.

4.3.2.2 Effect of sample solution pH

During initial experiments, we tried using 25 mM pH 8.5 sodium borate buffer to
dilute the sample and as the CZE running buffer for the pre-concentration and separation,
respectively. Figure 4.9A shows that the AMPR and GLUF derivatization products are
baseline resolved (Rs = 1.7). However both analytes are not equally preconcentrated.
Although the GLUF concentration was three times of AMPR, the GLUF peak area was
only 65% of the AMPR peak. This indicates that the AMPR derivatization product has a
stronger affinity for the PRP-1 beads than GLUF. Both the AMPR and GLUF
derivatization products have similar aromatic benz[f]isoindole rings that would dominate
their hydrophobicity. Thus the difference in pre-concentration is consistent with the
GLUF derivatization product being more negatively charged and less retained, as
discussed above.

To achieve better resolution, 15 mM pH 4.8 sodium acetate buffer was used as the
CZE running buffer. The mixed reaction solution was diluted with 15 mM pH 4.8
sodium acetate buffer or 25 mM pH 8.5 borate buffer to final concentrations of 5 nM
AMPR and 15 nM GLUF. CZE separations were performed in 15 mM pH 4.8 sodium
acetate buffer in both cases (Figures 4.9B and 4.9C, respectively). The analytes were

well separated, presumably because there is a more significant difference in the charge of
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the analytes at pH 4.8 than pH 8.5 (in accordance with the predictions in Section 4.3.2.1).
More interesting is that, compared with Figure 4.9A, the AMPR peak area increased by
136% when the sample was prepared in 15 mM pH 4.8 sodium acetate buffer. Similarly
the GLUF peak area also increased by 85%. However, when the sample was in 25 mM
pH 8.5 borate buffer (as in Figure 4.9A), there was < 10% change in peak area for either
analyte. Since 60:40 acetonitrile/water is strong enough to elute all extracted analytes on
PRP-1 beads and no residual analytes can be detected, the different response must be
attributed to different affinity and preconcentration efficiency on the PRP-1 beads. From
the predictions in Section 4.3.2.1, both analytes would have a lower negative charge at
pH 4.8 than pH 8.5, and thus would absorb with higher efficiency at the lower pH. The
increase in pre-concentration efficiency was more evident for AMPR because the GLUF
derivatization product has a larger negative charge than the AMPR derivatization product.
In both Figures 4.9A and 4.9C, where the sample solution was in 25 mM pH 8.5 sodium
borate, there was no change in affinity. Thus, preconcentration of the analyteé is a strong
function of the sample pH.

Figure 4.10 shows the effect of the sample injection time on the observed peak
area. The AMPR peak area increased almost linearly with injection time up to 8 min.
The peak area then leveled-off, and thereafter slowly decreased with longer injections.
GLUF showed a similar behavior by gradually increasing with injection time up to ~5
min and thereafter decreasing slowly, however GLUF peak area was much lower than

AMPR even at 3-fold concentration as AMPR.
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Figure 4.9 Pre-concentration effect by changing pH and salt concentration. 5nM AMPR
and 15 nM GLUF, A) Dissolved in 25 mM pH 8.5 sodium borate buffer, CE running
buffer: 25 mM pH 8.5 sodium borate. B) Dissolved in 15 mM pH 4.8 sodium acetate
buffer, CE running buffer: 15 mM pH 4.8 sodium acetate. C) Dissolved in 25 mM pH 8.5
sodium borate buffer, CE running buffer: 15 mM pH 4.8 sodium acetate. D) Dissolved in
15 mM pH 4.8 sodium acetate buffer containing 100 mM NaCl, CE running buffer: 15
mM pH 4.8 sodium acetate. E) Dissolved in 25 mM pH 8.5 sodium borate buffer

containing 100 mM NaCl, CE running buffer: 15 mM pH 4.8 sodium acetate.

These observations are in good agreement with the pK, predictions in Section
4.3.2.1. Thatis, in the pH 4.8 buffer, the GLUF derivatization product is more negative
than AMPR and thus was less hydrophobic and more weakly retained on the PRP-1 beads.

The linear portion of the AMPR curve in Figure 4.10 indicates that AMPR has a
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relatively strong affinity for PRP-1 beads. It is not surprising to see that GLUF
derivatization product, more negatively charged and thus less hydrophobic, equilibrates
with the column earlier. Longer injection of sample solution caused lowering of the peak

area for both analytes and the mechanism is still unclear.
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Figure 4.10 Effect of sample injection time at 20 psi in the absence of 100 mM NaCl. 5
nM AMPR and 15 nM GLUF. Each data point is the average of duplicate injections. The

size of the data points approximately reflects the reproducibility of within 5%.

4.3.2.3 Effect of salt in sample solutions
Addition of 100 mM NaCl to the sample solutions caused an enhancement in the

preconcentration of both analytes. Figure 4.9D shows that the peak areas of AMPR and
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GLUF increased by 48% and 316%, respectively, compared with Figure 4.9B. Similar
increases were also observed if the sample solutions were dissolved in 25 mM pH 8.5
sodium borate buffer (Figure 4.9E vs. 4.9C). When the added NaCl concentration was
increased from zero to 150 mM, the GLUF peak area showed a 5.3-fold increase but
AMPR increased only 0.8 fold. GLUF showed greater enhancement since it was more
negatively charged as discussed below. However, if the NaCl concentration is too high (>
100 mM) it is difficult to completely rinse out the remaining NaCl with the CE running
buffer. If some of the concentrated NaCl is present in the capillary upon application of
the voltage it distorts the capillary current and deteriorates the separation. 100 mM NaCl
was added 1in all other experiments.

The effect of sample injection time for samples containing 100 mM NaCl is
shown in Figure 4.11. As the injection time was increased from 1 min to 15 min, the
AMPR peak area increased roughly linearly up to 15 min and then showed a negative
deviation from linearity for longer injections. Compared with Figure 4.10, AMPR had
linear relationship with injection time over a much wider range of injection time (15 min
vs. 8 min) and leveled-off started at much higher sample volumes and more slowly. On
the other hand, GLUF had a much greater peak area than in Figure 4.10. The leveling-off
of signal was still observed for GLUF, but the decay in the GLUF peak area appeared
more slowly than in Figure 4.10 where the sample did not contain salt.

Addition of NaCl generated a region called the ionic atmosphere around the
charged analytes and near the charged silica sol gel. As a result, the electrostatic
interactions between them were greatly attenuated, due to: (1) The Donnan exclusion of

the analytes was reduced since the ionic atmosphere decreased the repulsion between the

114

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



negatively charged analytes and the silica surface. This would allow analytes to reach the
PRP-1 bead surface more easily. (2) The effective charge of the analytes appeared to be
decreased and they acted more hydrophobic. Attenuation of the repulsion between the
negatively charged analytes adsorbed on the surface of the PRP-1 bead can increase the
maximum absorption capacity of the beads. As a result, more analytes can be adsorbed
onto PRP-1 bead based on the “salting out” mechanism 32 No studies were performed in
this work to explain which effect was dominant, or whether other types or valences of

salts would cause a different effect.

100 -

Peak Area (arb. units x105)

—— AMPR
~O— GLUF

0 e —————————r——————

0 2 4 6 8 10 12 14 16 18 20
Sample Injection Time (min)

Figure 4.11 Effect of sample injection time at 20 psi in the presence of 100 mM NaCl. 5
nM AMPR and 15 nM GLUF. Each data point is the average of duplicate injections. The

size of the data points approximately reflects the reproducibility of within 5%.
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4.4 Quantitative studies

Quantitative studies were performed using AMPR/GLUF standard solutions and
the optimized conditions described in Section 4.2. The PRP-1 tip yielded excellent pre-
concentration performance. Figure 4.12 shows that using a 1 mm long PRP-1 entrapped
monolith tip the peak area for AMPR and GLUF were enhanced by 790 and 130-fold,
respectively in the absence of 100 mM NaCl in the sample. Addition of 100 mM NacCl to
sample solutions increased the enrichment ratios to 1260 and 580, respectively. Figure
4.13 and 4.14 show that linear response was observed for 0.125 nM -12.5 nM AMPA and
0.375 oM - 37.5 oM GLUF. The correlation coefficients (R?) were greater than 0.998 and
the intercepts were equal to zero within the 95% confidence interval. The detection limits
for AMPR and GLUF based on an S/N ratio of 3 were 20 pM and 65 pM, respectively.
Repetitive determinations (n=10) were performed using a 5 nM AMPR / 15 nM GLUF
standard. Relative standard deviations (RSD) for peak area measured using 0.125 nM
AMPR/0.375 nM GLUF on the same monolith tip were 3.7% and 3.9% (n=6),
respectively. Tip to tip reproducibility was 6.2% (n=5) for monolith tips cut from the
same 15 cm-long monolith capillary segment. The reproducibility was typically 6 ~ 10%
(n=5) for monolith tips cut from different 15 cm-long monolith capillary segments,
depending on the monolith fabrication/packing homogeneity.

Although not evident in Figure 4.13, addition of a PRP-1 monolith tip caused
broadening of the peaks relative to normal CZE. The theoretical plates were 77000 and
28100 for AMPR and GLUF respectively in normal CZE (Figure 4.12A). With the PRP-
1 tip (Figure 12C) the efficiencies were reduced to 26900 and 15000 respectively. This

may be mostly attributed to the parabolic flow profile in the pressure-driven system L2
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After preconditioning with 25 mM sodium borate buffer as described in Section
4.2.2,a PRP-1 tip yields good reproducibility (RSD<6%) for 20 ~ 35 runs. The failure
time of such a PRP-1 packed monolith tip is indicated by sudden increases in migration

times or decreases in peak area. At this point, a new monolith tip should be installed.

5 min
. AMPR
GLUF
B
LA A ) - K___JLC
| L8

Figure 4.12 Performance comparisons. A) 0.5 uM AMPR-1.5 uM GLUF in CZE without
PRP-1 tip, B) 5 nM AMPR-15 nM GLUF without added NaCl, in CZE with PRP-1 tip, C)

5 nM AMPR-15 nM GLUF with 100 mM NaCl, in CZE with PRP-1 tip.
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Figure 4.13 AMPR calibration curve. The experimental conditions are as in Section 4.2.
Each data point is the average of duplicate reactions. The size of the data points

approximately reflects the reproducibility of within 5%.
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Figure 4.13 GLUF calibration curve. The experimental conditions are as in Section 4.2.
Each data point is the average of duplicate reactions. The size of the data points

approximately reflects the reproducibility of within 5%.

4.5 Conclusions and future work

In this Chapter, I have presented a successful demonstration of capillary—tip on-
line pre-concentration. After fluorescence derivatization, two herbicides were
preconcentrated onto PRP-1 beads entrapped in a sol-gel monolith tip and then eluted for
subsequent CZE separation and LIF detection. Pre-concentration efficiency can be
greatly enhanced by: (1) adjusting the buffer pH to change charge status of analytes; (2)

adding salt to increase affinity of charged analytes on hydrophobic phase; (3) using more
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hydrophobic derivatization reagent, but this option was not studied in this work.

| Although the mechanism of enrichment in this work was based on the
hydrophobic nature of the analytes, other mechanisms, such as ion-exchange, affinity
interactions may also be employed in future works to develop more sensitive and
selective capillary-tip pre-concentrator. To achieve this goal, however, some problems
remain to be resolved: (1) in this research, the higher pH limit for silica monolith is only
~ 8.5. Other monolith materials such as polymeric monolith are needed to be able to
work at higher pH and for longer lifetime !”. (2) For the separation of natural analytes
after extraction/elution from pre-concentration tip, a MEKC method must be designed
compatible for the previous online extraction/elution procedures. (3) The online SPE
preconcentration based on hydrophobic interactions has low selectivity. Other retention
mechanisms using immunoaffinity antibodies or molecularly-imprinted polymer (MIP)
are promising for highly selective recognition 7. (4) The application of low pressure is
required to facilitate CE separation in this research. This leads to a parabolic flow profile
and lower separation efficiency. The extraction/elution and CE separation processes may
be allowed in different channels in an on-chip SPE preconcentration — CE system. Thus
the resistance from monolith tip can be eliminated and forward pressure is no longer

needed.

120

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



4.6 References

M

@

€)

@)

©)

(6)

)

®)

©)
(10)

(1)
(12)

(13)

(14)

Li, S. F. C. Capillary Electrophoresiss: Principles, Practice and Applications;
Elsevier: Amsterdam, 1992.

Swinney, K.; Bommhop, D. J. Electrophoresis 2000, 21, 1239-1250.

Majors, R. E. LC-GC North America 2001, 19, 14-22.

Lin, C. H.; Kaneta, T. Electrophoresis 2004, 25, 4058-4073.

Urbanek, M.; Krivankova, L.; Bocek, P. Electrophoresis 2003, 24, 466-485.
Kim, J. B.; Terabe, S. Journal of Pharmaceutical and Biomedical Analysis 2003,
30, 1625-1643.

Sentellas, S.; Puignou, L.; Galceran, M. T. Journal of Separation Science 2002,
25,975-987.

Quirino, J. P.; Kim, J. B.; Terabe, S. Journal of Chromatography A 2002, 965,
357-373.

Molina, M.; Silva, M. Electrophoresis 2002, 23, 3907-3921.

Stroink, T.; Paarlberg, E.; Waterval, J. C. M.; Bult, A.; Underberg, W. J. M.
Electrophoresis 2001, 22, 2375-2383.

Guzman, N. A.; Majors, R. E. LC-GC Europe 2001, June, 1-9.

Robson, M. M.; Cikalo, M. G.; Myers, P.; Euerby, M. R.; Bartle, K. D. Journal of
Microcolumn Separations 1997, 9, 357-372.

Oleschuk, R. D.; Shultz-Lockyear, L. L.; Ning, Y. B.; Harrison, D. J. Analytical
Chemistry 2000, 72, 585-590.

Jemere, A. B.; Oleschuk, R. D.; Ouchen, F.; Fajuyigbe, F.; Harrison, D. J.

Electrophoresis 2002, 23, 3537-3544.

121

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



(15)

(16)
17

(18)
(19)

20)

@D

(22)

(23)

)

23)

(26)

@7)

Yu, C.; Davey, M. H.; Svec, E.; Frechet, J. M. J. Analytical Chemistry 2001, 73,
5088-5096.

Baryla, N. E.; Toltl, N. P. Analyst 2003, 128, 1009-1012.

Tanaka, N.; Kobayashi, H.; Nakanishi, K.; Minakuchi, H.; Ishizuka, N. Analytical
Chemistry 2001, 73, 420a-429%a.

Allen, D.; El Rassi, Z. Electrophoresis 2003, 24, 3962-3976.

Ratnayake, C. K.; Oh, C. S.; Henry, M. P. HRC-Journal of High Resolution
Chromatography 2000, 23, 81-88.

Ratnayake, C. K.; Oh, C. S.; Henry, M. P. Journal of Chromatography A 2000,

887,277-285.

Chirica, G. S.; Remcho, V. T. Electrophoresis 2000, 21, 3093-3101.

Chirica, G.; Remcho, V. T. Electrophoresis 1999, 20, 50-56.

Dulay, M. T.; Kulkarni, R. P.; Zare, R. N. Analytical Chemistry 1998, 70, 5103-
5107.

Motokawa, M.; Kobayashi, H.; Ishizuka, N.; Minakuchi, H.; Nakanishi, K.; Jinnai,
H.; Hosoya, K.; Ikegami, T.; Tanaka, N. Journal of Chromatography 4 2002, 961,
53-63.

Tohver, V.; Smay, J. E.; Braem, A.; Braun, P. V.; Lewis, J. A. Proceedings of the

National Academy of Sciences of the United States of America 2001, 98, 8950-
8954.

Tarter, J. G. Ion Chromatography;, Marcel Dekker Inc.: New York, 1987.
Soga, T.; Ueno, Y.; Naraoka, H.; Matsuda, K.; Tomita, M.; Nishioka, T. Analytical

Chemistry 2002, 74, 6224-6229.

122

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



(28) Troev, K.; Hagele, G; Kreidler, K.; Olschner, R.; Verwey, C.; Roundhill, D. M.
Phosphorus Sulfur and Silicon and the Related Elements 1999, 148, 161-176.

(29) Crofts, P. C.; Kosolapoff, G. M. Journal of the American Chemical Society 1953,
75,3379-3383.

(30) Perrin, D. D.; Dempsey, B.; Serjeant, E. P. pKa Prediction for Organic Acids and
Bases; Chapman and Hall Ltd: London, 1981.

(31) Hagele, G.; Szakacs, Z.; Ollig, J.; Hermens, S.; Pfaff, C. Heteroatom Chemistry
2000, /1, 562-582.

(32) Neue, U. D. HPLC Columns: theory, technology, and practice; Wiley-VCH, Inc:

New York, 1997.

123

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



Chapter 5. Capillary Gel Electrophoresis with Laser Induced Fluorescence
and Detergent Differential Fractionation for Characterization of Cancer Cell

. *
Proteins

5.1. Introduction

As a powerful separation technique, capillary electrophoresis (CE) has gained great
success in DNA sequencing . Due to the acceleration in DNA analysis made possible by
capillary array systems based on CE, the Human Genome project was finished ahead of
schedule 3. In the meantime, CE has also been explored for protein mapping *. For
example, high-efficiency CZE methods have been developed for mapping of the proteins
within a single-cell °. Although this is very challenging, it is still worthwhile since CE
method is easily automated and provides much higher speed than the classic SDS-
-polyacrylamide gel electrophoresis (SDS-PAGE) method.

Commonly used CE methods for proteins include capillary zone electrophoresis
(CZE), capillary isoelectric focusing (CIEF) and capillary gel electrophoresis (CGE) ‘
CGE for protein analysis has the advantage of providing molecular weight information for

proteins and can be regarded as the capillary format of the widely used SDS-PAGE. UV is

This chapter describes preliminary doctoral studies performed in the laboratory of Dr. Norman Dovichi. A
version of this chapter has been published as S. Hu, J. Jiang, L.M. Cook, D.P. Richards, L. Horlick, B.
Wong and N.J. Dovichi. “Capillary sodium dodecyl sulfate-DALT electrophoresis with laser-induced
fluorescence detection for size-based analysis of proteins in human colon cancer cells”, Flectrophoresis 23
(2002) 3136-3142.
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the popular detection mode for SDS-CGE, but it lacks detection sensitivity and it also
requires the use of a UV-transparent sieving polymer. Compared with UV detection,
laser-induced fluorescence (LIF) provides much higher detection sensitivity and has no
special requirements for the sieving polymer.

In CGE, replaceable polymer matrices are often employed instead of cross-linked
polyacrylamide. These replaceable polymers include linear polyacrylamide (LPA) %7,
polyethylene oxide (PEO) ®°, dextran *!!, pullulan ' and hydroxypropyl cellulose ™.
As discussed in Chapter 1.1.5.3, such linear polymers can form an entangled network with

1517 5nd Cottet 2

dynamic mesh sizes for size-based sieving of macromolecules. Guttman
et al. studied the separation mechanism of PEO polymer solution and the effect of
operational variables on its resolution capability. Their research work indicated that PEO
could be a good sieving polymer matrix for proteins.

Detergent differential fractionation (DDF) 1921 i a cell fractionation method that
involves sequential extraction of cells or tissues with a series of detergent-containing
buffers. Ramsby and co-workers partitioned eukaryotic cells into: (1) cytosolic and
proteins and soluble cytoskeletal elements, (2) membrane and organellar proteins, (3)
nuclear membrane and soluble nuclear proteins, (4) detergent-resistant cytoskeletal
filaments with nuclear matrix proteins by using digitonin/EDTA, Triton-100/EDTA,
Tween-40/deoxycholate extraction buffers and cytoskeletal solubilization buffer,

respectively 2 These subcellular fractions can be subject to further analysis, most often by

SDS-PAGE or two-dimensional (2-D) gel electrophoresis, to obtain biochemical and
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immunochemical information. DDF is simple, reproducible and ultracentrifuge
-independent. Furthermore, it does not cause damage to the structures and functions of the
subcellular compartments and can enrich low-abundance species. Thus DDF has
numerous potential applications 19.22

In this study, a CGE-LIF method was developed for protein separation by using PEO
(MW=100,000) as the sieving polymer. We also combined this method with DDF to
characterize the protein profiles from HT29 human colon adenocarcinoma cells. Four

different profiles show different information regarding the protein composition in the four

sequential fractions.

5.2. Experimental
5.2.1 Apparatus

The CE-LIF system with a sheath-flow cuvette was a home-built system 3. A0~30
kV high voltage was provided by a DC power supply (CZE1000, Spellman, Plainview, NY,
USA). Separation was performed in a 40 cm-long, 51 pm-i.d, 140 pm-o.d, fused-silica
capillary (Polymicro Technologies, Phoenix, AZ, USA) which had been coated with linear
polyacrylamide to eliminate electroosmotic flow (EOF) as described by Hjerten 2 The
488nm laser beam from an argon ion laser (Model 2211-15SL, Uniphase, San Jose, CA,
USA) operated at 12 mW was focused at ~ 30 um from the smoothly-cut tip of the capillary
by a 6.3 X objective (Melles Griot, Nepean, ON, Canada). The resultant fluorescence was

filtered with a 630DF30 bandpass filter (Omega Optical, Brattleboro, VT, USA), collected
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with a 60 X, 0.7NA microscope objective (MO0060LWD, Universe Kokagu, Oyster Bay,
NY, USA) and then detected with a photomultiplier tube (R1477, Hamamatsu, Middlesex,
NJ, USA) operated at 900V. Data sampling was accomplished with a 16-bit data
acquisition board (NB-MIO16XH-18, National Instruments, Austin, TX, USA) connected
to a Macintosh computer. All data were analyzed by Igor Pro software (Version 3.14,

Wavemetrics, Lake Oswego, OR, USA).

5.2.2 Reagents

Acrylamide was obtained from Life Technologies (Burlington, ON, Canada). Tris
(hydroxymethyl) aminomethane (Tris), 2-(cyclohexylamino)-ethanesulphonic acid
(CHES), y-methacryloxypropyltrimethoxysilane (MAPS), phenylmethylsulfonyl fluoride
(PMSF), piperazine-N,N’-bis (2-ethanesulfonic acid) (PIPES), Triton-100, Tween-40,
sodium deoxycholate (DOC) and model proteins including B-lactoglobumin
(MW=18,4000), carbonic anhydrase (MW=29,000), ovalbumin (MW=45,000), BSA
(MW=66,000) and conalbumin (MW=78,000) were purchased from Sigma (St. Louis, MO,
USA). Ammonium persulfate (APS) was from Boehringer Mannheim Biochemical
(Indianapolis, IN, USA). N, N, N’, N’- tetramethylethylenediamine (TEMED) was from
Bio-Rad (Richmond, CA, USA). 3-(2-furoyl) quinoline-2- carboxaldehyde (FQ, Figure
5.1) and KCN were obtained from Molecular Probes (Eugene, OR, USA). Digitonin and

PEO (MW=100,000) were from Aldrich (Milwaukee, WI, USA).
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5.2.3 Separation of model proteins

The protein mixture solution was prepared from 10 uM stock solutions of each model
protein: B-lactoglobumin, carbonic anhydrase, ovalbumin, BSA and conalbumin. 5 pl of
the mixture solution was mixed with 5 pul 5 % SDS solution and then heated at 90 °C for 10
min to denature the proteins. After cooling in ice for a while, 5 pl of the denatured protein
solution and 5 pl of 2 mM KCN solution were added sequentially into a 500-ul
microcentrifuge tube containing 100 nmol previously dried FQ 25 After vortexing for a
while, the mixture was incubated at 65 °C for 5 min and then diluted with 40 pl of running
buffer. The running buffer contained 100 mM Tris, 100mM CHES and 0.1 % (w/v) SDS
(pH 8.6). The final concentration of each protein was 100 nM.

The sample was electrokinetically injected at -100 V/cm for 5 s and then separated at
-300 V/cm. Unless stated otherwise, PEO sieving buffer was prepared by dissolving an
appropriated amount of PEO at 2.5% (W/V) concentration in the running buffer. Before

use, the sieving buffer was degassed for 30 min by ultrasonication.

5.2.4 Differential detergent fractionation of HT29 cancer cells

HT29 cells, cultured as reported in previous work >, were washed with phosphate
-borate saline buffer (PBS) five times before use. The digitonin/EDTA, Triton-100/EDTA,
Tween-40/DOC and detergent-resistant residue extraction buffers were prepared according
to Ramsby’s protocol-zo, however a modified fractionation procedure was employed in this

work. The cell suspension containing around 10° cells were added into a T25 flask and
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evenly dispersed over only one surface so that the cells were adsorbed onto its inner wall of
only one side. The excess PBS was then sucked out of the flask, and 1 ml of digitonin/
EDTA extraction buffer was added. The flask was placed on fresh ice and rocked for 15
min. The extraction solution was transferred into a test tube, aliquoted and stored at -80 °C.
To rinse the cells, 2 ml of ice-cold PBS was added into the T25 flask, rocked for 1 min and
then aspirated. As done above, 1ml of Triton-100/EDTA extraction buffer, 500 ul of
Tween/DOC extraction buffer and 300 pl of detergent-resistant residue extraction buffer
were added into the flask and rocked for 30 min, 20 min and 20 min, respectively, and then
the resultant extraction solutions were collected, aliquoted and stored at -80 °C. Between
these sequential fractionation steps, 2 ml of ice-cold PBS was used to wash out the residual
solution from the previous fractionation step. For the detergent-resistant residue extraction,
no ice was used because 5 % SDS solution will curdle and cannot rinse the stickled cells
continuously.

An aliquot of each of the four DDF cell fractionations was thawed and vortexed. Then
5 pl of the sample solution was mixed with 5 ul of 5% SDS and heated at 95 °C for 10 min.
After denaturization, the cell fraction was labeled with FQ as described in Section 5.2.3

and subjected to CGE analysis as done for model proteins.

5.3 Results and discussion

5,23,25

In this work FQ is used to label proteins , as described in Section 5.2.3 (Figure

5.1). This reagent is a fluorogenic dye working well with 488 nm Argon-ion laser. No
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background fluorescence results from unreacted dyes until it reacts with proteins.

Detection limits as low as picomolar has been reported for proteins >

0 ]

Sy -
+ R-NH, + CN ————>» NR
N© CH NS

I N
CN

Figure 5.1 Molecular structure of FQ and its fluorescence labeling reaction.

5.3.1 Separation of standard proteins

Five standard proteins, which have molecular weights ranging from 18,400 to 78,000,
were used to demonstrate the CGE-LIF separation of proteins based on their molecular
weights. Previous studies ° 18 have shown that the sieving capability of PEO increases as
PEO chain length (and thus MW) or PEO concentration increases. 1 ~4 % PEO
(MW=100,000) have been reported for separation of proteins, but we found it was difficult
to prepare PEO sieving matrix using concentrations higher than 2.5 %. More than 2.5 %
PEO could not dissolve completely even if it was sonicated for a few hours. So the sieving
capability of 1.5 - 2.5 % PEO was examined in this work. As shown in Figure 5.2, five

model proteins elute in the order of their molecular weights. The small peak before peak 1
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Figure 5.2 Effect of PEO concentration on the separation of five model proteins

Peak identification: (1) B-lactoglobumin; (2) carbonic anhydrase; (3) ovalbumin; (4) BSA;
(5) conalbumin. Fluorescence derivatization conditions as in Section 5.2.3. Protein
concentration: 100 nM each; Injection: 100 V/cm for 5 s; Separation: 300 V/cm; Sieving

matrix: 100 mM Tris-100 mM CHES-0.1% SDS-PEO, pH 8.6.
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is an impurity from carbonic anhydrase. Obviously, PEO concentration has a significant
effect on the separation of model proteins, especially for ovalbumin and BSA. If 1.5%
PEO was used, ovalbumin almost co-eluted with BSA. However, the resolution of
ovalbumin and BSA increases as the PEO concentration increases. When 2.5% PEO was
used, all standard proteins were separated with baseline resolution.

The effect of electric field strength on the separation of the five model proteins was
also studied (shown in Figure 5.3). As expected, no significant improvement was observed
using different electric field strength. 300 V/cm was used for all further experiments.
Buffers other than Tris within the sieving matrix were also tested (i.e., other biological
buffers such as 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Tricine or
{[(2-hydroxymethyl) ethyl]-amino}-l-propanesulphonic acid (TAPS)). However, Tris
provides the best resolution for these standard proteins.

The migration time, limits of detection (LOD), and reproducibility of the migration
times of these proteins are presented in Table 5.1. These statistical data were obtained with
2.5% PEO sieving matrix under the separation voltage of 300 V/cm. It can be seen that
model proteins with higher MW yield lower LOD. This is due to FQ reacting with the
g-amine of lysine of these proteins. A higher MW protein will possess more lysine residues
and thus more FQ molecules label these proteins, so higher detection sensitivity was
observed. It was also found the migration times of the model proteins have a linear
relationship with the logarithm of the molecular weights of these standard proteins (shown

in Figure 5.4). Regression analysis yielded the linear expression:
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Figure 5.3 Effect of electric field on the separation of standard proteins. Fluorescence
derivatization conditions as in Section 5.2.3. Protein concentration: 100 nM each;
Injection: 100 V/cm for 5 s; Sieving matrix: 100 mM Tris-100mM CHES-0.1% SDS-2.5 %

PEO, pH 8.6.
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Table 5.1 CGE-LIF for separation of five standard proteins

Protein Migration time Concentration Mass LOD
(min)* LOD (mM) T (amol) !

B-lactoglobumin 12.124 £0.16 (1.3%) 6.56 375
(MW=18,4000)

Carbonic anhydrase 12.952 +0.18 (1.4%) 5.62 30.2
(MW=29,000)

Ovalbumin 13.924 +0.21 (1.5%) 2.71 13.9
(MW=45,000)

BSA 14.467 £0.24 (1.6%) 2.17 10.5
MW=66,000)

Conalbumin 15.137 +£0.26 (1.7%) 1.92 8.9
(MW=78,000)

Experimental conditions: Fluorescence derivatization conditions as in Section 5.2.3.

Injection: 100 V/cm for 5 s; Separation: 300 V/ecm; Sieving matrix: 100 mM Tris- 100mM

CHES-0.1% SDS-2.5% PEO, pH 8.6.

* mean =+ standard deviation (RSD) (n=16)

T S/N=3
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Figure 5.4 Plot of migration time of standard protein vs. log (MW). Experimental

conditions as in Table 5.1
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t=4.62 x log MW - 7.62 (R=0.9945) (Eqn 5.1)
where t is migration time (min), MW is molecular weight (Dalton), and R is the correlation
coefficient. This demonstrates that these proteins were separated based on their size.
Blank experiments were performed by using the same procedure as for standard
proteins. No peak was observed, demonstrating that the sieving matrix does not interfere
with the labeling experiment and separation. In addition, note that we used linear
polyacrylamide to coat the capillary to eliminate the EOF 2*. This coating should not be

used for pH > 9. Our coated capillary can be used with pH 8.6 running buffer for ~10 days.

5.3.2 Characterization of HT29 cell proteins by CGE-LIF with DDF

Similar to model proteins, DDF fractions of HT29 cancer cells were denatured by SDS,
labeled with FQ and then analyzed by CGE-LIF using 2.5% PEOQ as the sieving buffer.
Figure 5.5 shows the electropherogram of cytosolic fraction obtained by CGE-LIF.
Baseline resolution was not achieved due to the complexity of the cell protein composition.
Most proteins fall into the molecular weight range of 13,700 ~ 155,000. Between 18 to 23
min, however, a couple of sharp peaks migrate after the largest of our molecular weight
standards. These peaks might result from some proteins with molecular weights over
400,000. However, a reducing agent was not used in these experiments to disrupt disulfide

"bonds. Thus, some of the late-migrating peaks may be due to protein conjugates.
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Figure 5.5 CGE-LIF electropherogram of the cytosolic fraction of HT29 cell extract.
Experimental conditions: DDF processing and fluorescence derivatization conditions as in
Section 5.2.4. Injection: 100 V/cm for 5 s; Separation: 300 V/cm; Sieving matrix: 100 mM

Tris-100 mM CHES-0.1% SDS-2.5 % PEO, pH8.6.
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Figure 5.6 shows the CGE-LIF electropherogram of the membrane/organelle fraction,
which presents the profile with the poorest resolution in the four fractions. This result is
not surprising because the membrane of cells and cell organelles consist of many kinds of
highly viscous membrane proteins and lipoproteins, which are notoriously difficult to
separate and analyze by SDS-PAGE %?’. However, Figure 5.6 indicates that proteins
within the membrane/organelle fraction can be roughly divided into two groups, 11-16 min
and 18-20 min, based on their molecular weights.

Figures 5.7 and 5.8 show, respectively, the CGE electropherograms of the nuclear
fraction and the detergent-resistant cytoskeletal fraction. Similar to the cytosolic fraction
proteins, the nuclear fraction proteins (Figure 5.7) are distributed almost over the whole
molecular weight range. Comparatively speaking, the detergent-resistant cytoskeletal
fraction (Figure 5.8) has the simplest protein profile in the four cell fractions. Two pairs of
peaks were present in low molecular weight range (19.5/23.8 kDa and 55.4/64.4 kDa) and
one broad peak present in higher MW range.

The protein profiles obtained for the four sequential protein fractions of HT29 cells are
quite different, either in the expressed amount or in the molecular weight distribution.
Taking into account the difference of the final extraction volumes in the four fractionation
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steps, as pointed out by Ramsby ef al “, the cytosolic and membrane/organelle proteins

obviously make up most of the proteins expressed in the HT29 cells.
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Figure 5.6: CGE-LIF electropherogram of the membrane/organelle fraction of HT29 cell

extract. All conditions as in Figure 5.5.
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Figure 5.7 CGE-LIF electropherogram of the nuclear fraction of HT29 cell extract. All

conditions as in Figure 5.5.
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Figure 5.8 CGE-LIF electropherogram of the cytoskeletal fraction of HT29 cell extract
. All conditions as in Figure 5.5.
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As expected, it is almost impossible to separate the over-thousands of proteins in a
complicated cell such as HT29 by normal one-dimensional CE. However, the DDF
technique gives us an approach to extract sequentially different groups of components from
cell extract and probably link the obtained CE results to the protein profiles and biological
properties of each group of proteins. Two-Dimensional CE with LIF detection has been
developed in Dovichi’s group to provide higher resolution and fingerprint identification of

cell proteins .

5.4 Conclusions

In this chapter, a CGE-LIF method using PEO sieving matrix was developed for the
size-based separation of five model proteins, and then applied to the analysis of HT29 cell
protein fractions obtained by detergent differential fractionation (DDF). This method is
highly sensitive and provides much higher speed than classical SDS-PAGE. Although
different protein profiles have been demonstrated for the four sequential fractions from
HT29 cancer cells, further work is still needed to enhance the resolution and get more of
the information offered by DDF. Similar to 2-D gel electrophoresis, if this CGE method
were combined with another CE mode to perform a 2-D CE, much more detailed
information would be gained. Such a 2D-CE methodology would be a novel and powerful

tool in proteomics studies.
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Chapter 6. Summary and Future Work

6.1 Summary

In this thesis, several on-capillary preconcentration techniques were utilized for
enhancing detection sensitivity of capillary electrophoresis with LIF detection. Chapter 2
gives an example of high-salt stacking used for preconcentration of neutral analytes in
MEKC. The concentration ratio is determined by the affinity of the analytes for micelles.
To achieve baseline resolution of the three very hydrophobic fluorescence derivatization
products of alkylphosphonic acids, 40% acetonitrile was added to the MEKC buffer.

This decreases the affinity of analytes for the cholate micelles. However, ~ 10 fold
preconcentration ratio was still achieved. Also the addition of 400 mM NaCl to the
dilution buffer enabled high salt stacking while still maintaining baseline resolution.
Limits of detection for methyl, ethyl and propylphosphonic acids were 0.13 pM, 0.13pM
and 0.14pM injected, respectively, which were better than most prior methods.

Chapter 3 discussed offline preconcentration of glyphosate using ionic exchange
resin packed in a pipette tip, followed by fluorescence labeling and CE-LIF analysis. The
unexpected interference in NDA labeling reaction was studied and minimized through the
use of lower reactant concentrations than had been recommended by the literature. Using
my optimized reaction.conditions and the off-line resin packed pipette tip, about 88 fold
preconcentration was observed. Detection limits of 0.2 nM were achieved for glyphosate
standards, which was comparable to the lowest LOD reported. With river water, the
matrix necessitated an additional clean-up step which degraded the LOD to 6 nM.

A more desirable approach is online preconcentration as reported in Chapter 4.

SPE-based on-capillary preconcentration was developed successfully. PRP-1 HPLC
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beads were entrapped in a silica sol-gel monolith in short segment of capillary. This SPE
capillary was attached to the separation capillary and used to extract hydrophobic
analytes from dilute sample solutions. Since the analytes must be charged even after
fluorescence derivatization to be separated by CZE mode, the charge states of analytes
were found to affect the extraction ratio. For highly charged analytes, low extraction
ratio was observed. The extraction ratios were improved significantly by reducing the
electrostatic repelling either by reducing the pH or by adding salt to the sample solution.
Examination of the silica sol-gel monolith by SEM found that a silica shell encapsulated
almost all of the PRP-1 beads. This sol gel shell was negatively charged, and so was
responsible for repulsion of the anionic analytes. This problem was solved by partial
digestion of the monolith using pH 9.4 borate buffer. Under optimized conditions, 1260
and 580 folds enhancement of detection sensitivity were achieved for AMPR and GLUF,
respectively. The detection limits for AMPR and GLUF were 20 pM and 65 pM,
respectively. However, a further study on the formation of the shell is necessary, which
will be discussed in Section 6.2.1.

Chapter 5 is a preliminary study on CGE-LIF analysis of proteins using PEO
polymer sieving matrix. For the first time, detergent differential fractionation (DDF)
technique was combined with CGE for studying the protein profiles of the different
fractions of a cancer cell extract. This work was an important first step towards 2-D CGE
which should provide the higher resolution needed for extracting full information about
the complex cell components.

In summary, online preconcentration performance in CE strongly depends on the

analyte properties and the concentration mechanism. SPE-based online preconcentration
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is preferred as both the concentration ratio and selectivity may be improved significantly
by using suitable extraction mechanism. The future work outlined below is primarily
focused on improving the extraction performance of SPE-based online preconcentration
segment coupled to CE or microfluidic separation systems. Improvements focus on the

concentration ratio, selectivity and reliability.

6.2 Future work
6.2.1 Studies on the formation of the encapsulating shell

In Chapter 4, PRP-1 beads capable of extracting hydrophobic analytes were
retained in a porous silica sol-gel monolith. However, the encapsulation of the HPLC
particles by the sol gel silica shell posed a serious problem to the access of analytes to the
PRP-1 beads. A preconditioning step using pH 9.4 borate buffer for 60 min was required
to partially dissolve the silica shell and expose the PRP-1 beads to the sample solution.
This means extra preparation time before a PRP-1 tip is ready for performing analyses.
Optimization of the monolith fabrication protocol is needed to prepare HPLC bead
packed monoliths with more exposed SPE surface. In this thesis, the silica sol-gel
monolith was fabricated following the protocol of Tanaka’s group ! without further
studies of the influence of fabrication conditions on the physical characteristics of the
silica shell. Although there have been no reports regarding this problem, the comparison
of description and SEM images reported by different groups %3 indicates that the
appearance of the silica shell is probably related to the fabrication conditions rather than
the chemical or material properties of the immobilized beads. For example, in Dulay et

al’s work 2, the SEM images show clearly that the interstitial space between the ODS
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particles is almost filled with silica. Whereas, Remcho and co-workers reported a similar
alkoxide sol-gel fabrication procedure, yet their SEM images show much less inter-bead
silica®. The silica sol-gel process has been studied in detail in the literature *, including
the gelation and aging kinetics. I believe that the appearance and thickening of the
encapsulating shell is a time (and other conditions) dependent process. Therefore it
should be possible to prepare a bead-packed monolith with exposed bead surface by
changing the monolith fabrication conditions such as the gelation and aging time,

temperature and pH.

6.2.2 Other recognizing/preconcentration mechanisms

In this thesis, the preconcentration is based on the hydrophobic nature of the
analytes. However all hydrophobic solutes would be adsorbed onto the immobilized
PRP-1 beads. Thus the selectivity of this preconcentration process is low. To be
compatible with complex sample matrices, a high extraction selectivity is essential. As
discussed in Section 1.3, immunoaffinity adsorbents and molecularly-imprinted polymers
(MIP) have much higher selectivity for a specific analyte or group of analytes.
Immunoaffinity recognizing elements such as antibodies can be immobilized on glass
beads > and then entrapped into silica sol-gel monolith using similar fabrication protocol
to that in Chapter 4, or bonded directly to the monolithic materials. For example, Hage’s
group recently reported the immobilization of rabbit immunoglobulin G (IgG) and anti-
FITC antibodies on a copolymer monolith of glycidyl methacrylate and ethylene
dimethacrylate . Although it is not prepared for on-capillary SPE preconcentration, it is
attractive for rapid extraction of analytes from complex biological matrix and can be

developed into capillary-tip immunochemical preconcentrator.
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Similarly, MIP adsorbents can be prepared either as chromatographic particles or
monolith segments ’. MIP particles could be entrapped in the same manner as in Chapter
4. Alternatively, a MIP monolith may be fixed covalently to the methacryloxypropyl-
trimethoxysilane derivatized capillary inner surface by in situ polymerization 89 Lai’s
group recently reported monolithic MIP phase in a pipette tip inserted into sample
loading vial of microchip CE system 19 It is expected that such a MIP monolith

fabricated in capillary can be used for on-capillary extraction of specific analyte.

6.2.3 Applications in MEKC mode

Neutral analytes have a higher affinity for reversed phase packings than charged
solutes. Thus higher concentration ratios can be achieved for neutral solutes. However,
organic solvents have to be used to elute the extracted analytes from the SPE segment.
This results in a concentrated sample plug containing a high percentage of organic
solvent. The high concentration of organic solvent causes two problems. First, the
micelles (usually SDS) near the sample plug will dissolute immediately when organic
solvent in sample plug dissipates into SDS micelles-containing buffer, making MEKC
impossible. Second, the hydrophobic analytes have higher affinity for organic solvent in
sample plug than micelle phase in MEKC buffer. Thus the analytes will always stay in
the sample plug rather than partition into the micelles, resulting in no separation
occurring.

Chapter 2 gives some hints to a solution to these problems. In Chapter 2, the
injected sample plug contains 50% DMF and the MEKC buffer has 40% acetonitrile and

40 mM sodium cholate. Unlike SDS, cholate micelles can tolerate up to 50% acetonitrile
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1. The addition of acetonitrile to the MEKC buffer decreases the difference in the
affinity of analytes for sample plug and MEKC buffer. Thus baseline resolution of three
linear alkylphosphonic acids was observed.

A potential solution to the above problems is proposed as follows: the neutral
analytes already extracted onto PRP-1 beads could be eluted by a short plug of elution
buffer containing 40% acetonitrile. Then most of the analytes are washed out for
subsequent MEKC separation in running buffer containing 40% acetonitrile and cholate.
The cholate concentration can be varied to adjust the retention factor. A long segment of
eluent is required to elute the strongly retained analytes from the PRP-1 beads. High-salt

stacking could be used to focus such analytes prior to MEKC separation.

6.2.4 Other monolith materials and CE separation channel layout

One of the drawbacks of the alkoxide sol-gel monolith is that it is not stable at
high pH buffer > pH 9). This limits silica monoliths to low pH applications. Under low
pH conditions, the EOF is low and so low-pressure has to bé applied to facilitate fast
separations, as in Chapter 4. The application of pressure leads to lower separation
efficiency due to the generation of a parabolic flow profile. If the SPE preconcentration
and subsequent CE separation were performed in different capillaries or channels, it
would not be necessary to apply a pressure across both the preconcentration column and
the separation channel. A potential multi-channel microfluidic format with LIF detection
for preconcentration and separation is shown in Figure 6-1. Sample solution is first
introduced into the preconcentration channel from port P1 and the analytes are adsorbed

onto the immobilized SPE adsorbents. CE running buffer in port P2 would be used to
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wash out excessive sample solution. Then a short plug of eluting buffer is injected
hydrodynamically from port P3 to elute the adsorbed analytes. CE running buffer in P2
is pumped into preconcentration channel to bring the concentrated sample plug into
separation channel, followed by CE separation and LIF detection.

An alternative solution to the pH limitation of silica monolith would be to use
polymeric monoliths *? which are stable over a wide pH range. At high pH the EOF
would be strong enough to pump the flow of buffer solution against the resistance from
the SPE segment in the absence of applied pressure. For polymeric monolith, charged
functionalities can be introduced to control EOF >, MIP reorganization sites may be

incorporated into the polymeric monolith, as discussed above and in Chapter 1.

Las7
CE Separation
él\ Channel S2

Preconcentration
Channel

Figure 6.1 A potential microfluidic format with LIF detection for SPE preconcentration
and separation preformed on different channels. Figure is not drawn to scale. S1 and S2:
CE running buffer and electrodes; P1: sample loading; P2: CE running buffer; P3: eluting

buffer; SPE: immobilized SPE adsorbent.
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