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ABSTRACT

In this thesis, a micro-machining technique based on a wafer dicing saw was used
to construct an end-column electrical conductivity detector in capillary zone
clectrophoresis. This micro machining technique was used to dice narrow slits on many
fused-silica capillaries with the size accurately controlled. The technique presents high
dicing efficiency, hundreds of slits can be made on 50 ym ~ 200 ym i.d. fused-silica
capillaries within 20 minutes. Another important application of the wafer dicing saw is
making holes indirectly with controllable size across the capillary. This is the simplest
but state-of-the-art non-laser technique to make holes on the fused-silica capillaries.
Under the TV monitor of the wafer dicing saw, a 55 gm wide x 110 um deep slit was
diced longitudinally on the centre of the internal hole of 75 um i.d. fused-silica
capillaries. The capillary was then aligned with another smooth cross-section capillary
under a microscope. The two capillaries were melted together by a micro-torch under
microscope at about 1300 °C. Amazingly, the slit was not distorted by 1300 °C high
temperature.

For the construction of the end-column electrical conductivity detector, a 48 um
thick resin blade was selected to dice a 164 ym deep x 55 um wide slit exactly 10 mm
from the cathodic end of 52 um i.d. x 360 um o.d. fused-silica capillary. Under
microscope, a 15 mm long x 50.8 ym diameter platinum wire was then inserted to the
middie of the slit as sensing electrode. The capillary tip and 50.8 ym platinum wire were
then sealed by Araldite epoxy adhesive under microscope. The other end of the 50.8
diameter platinum was soldered to a coaxial cable and sealed again. The detector was
constructed on a 1/8" i.d. x 1/4" o.d. Plexiglas tubing. The conductivity signal was
measured between the sensing electrode inside the capillary and the grounding electrode
with a home-made electronic circuit. The end-column conductivity detector did not suffer

from electrical interference caused by the applied high voltage during the electrophoresis.



Li*, Na* and K* were used to calibrate the detector. The concentration detection
limit based on Knoll' s method (44) reaches 7.4 x 107 M, 4.8 x 107 M and 2.6 x 10” for
Li*, Na* and K*. The maximum number of theoretical plates achieved was more than
150,000 for Li*. The detection limit and separation efficiency are comparable to literature
values (30,36,37). Li*, Na*, K and Rb* were well separated within 4 minutes when 20
m?!{ MES / histidine (pH = 6.15) was used as electrophoretic buffer at 250 V / cm electric
field.
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CHAPTER]

INTRODUCTION TO OPEN TUBULAR
CAPILLARY ZONE ELECTROPHORESIS



1.1 Theory of capillary zone electrophoresis

Electrophoresis is the separation of charged species based on differential
migration at an applied electric field. It was first described by Ame Tiselius in his Ph.D.
thesis in 1930 and published in 1937 (76). In 1967, Hjerten presented the pioneering
demonstration of capillary electrophoresis by using 3 mm i.d. diameter capillaries under
high electric field (29). In 1974, Virtanen described the electrophoretic separation in 0.2 ~
0.5 mm i.d. glass tubes by potentiometric detection ( 80). In 1979, Mikkers and Everaerts
performed the separation of organic and inorganic anions in 0.2 mm id. Teflon capillary
with either UV or conductivity detection (54,55). However, they were unable to achieve
high separation efficiency because of sample overloading. In 1981, Jorgensen and Lukacs
demonstrated the first high efficiency separation with more than 400,000 theoretical
plates using narrow bore glass capillary (38). This work has become the landmark in

capillary zone electrophoresis and been quoted for thousands of times.

1.1.1 Electrophoresis

In capillary zone electrophoresis, a narrow plug of sample is introduced into the
buffer-filled capillary from the high voltage end as illustrated in figure 1.1. When high
electric field is applied across the capillary, different species in the sample migrate
differentially according to the individual jonic mobility. The mobility of an ion at any
finite equivalent concentration is the velocity with which the ion moves under unit
potential gradient (88). Its unit is m2/V sec equiv. At infinite dilution, the ionic mobility
reaches a limiting maximum value called absolute mobility, p.°. Ionic mobility is affected
by the solute properties such as shape, Stokes’ radius and charge. The ionic mobility of
an aqucous solution rises about 2 % per °C (50,65). The interaction of the solutes with the
carrier buffer may also influence the ionic mobility. Figure 1.2 is the cross-section of the

fused-silica capillary with polyimide coating.
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detector
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Figure 1.1

Instrumentation for capillary zone electrophoresis with on-column detection

12 pm polyimide coating

/Fused-silim

Figure 1.2
Cross-section of 50 um i.d. x 360 um o.d. fused-silica capillary with polyimide coating



1.1.2 Advantages of capillary zone electrophoresis

The major limitation in conventional electrophoresis is the temperature rise
induced by the electrophoretic current. Joule heating can result in temperature gradients.
The subsequent density gradients and convection increase zone broadening, affect
electrophoretic mobilities, even lead to boiling of the operating buffer. In large scale
electrophoresis, a supporting medium such as gel is used to help dissipate heat, thereby
minimizing zone broadening. However, the support increases the surface area for
adsorption and introduces eddy diffusion. An unique advantage of capillary
electrophoresis is the enhanced heat dissipation relative to the volume of operating buffer
in the capillary. Heat can be only dissipated through the capillary wall. Hence, narrow
bore capillaries provides larger ratio of surface area to volume. This permits the use of
very high electric field which is necessary for fast and efficient separation. Other
advantages of using a capillary include minimized convection due to small radius,

sampling from a microenvironment like a single cell and easy automation.

1.1.3 Electroosmosis and zeta potential ({)

Electroosmosis is the flow of bulk solvent caused by the electrical double layer
adjacent to the inner surface of capillary under the influence of an electric field. This
phenomenon can be explained by the interaction of silanol group with aqueous solution at
the inner wall of the fused-silica capillary. Figure 1.3 is a model of the silica-solution
interface in a fused-silica capillary tube. The Si-OH group of the silica surface is ionized
to Si-O" in alkaline and slightly acidic media (pH > 2). Since the inner wall of capillary is

negatively charged, positive counterions are present in the stagnant double layer and

diffuse layer. The potential across the layers is termed zeta potential €, which is given by

{=4nnpeo/e (LD
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Figure 1.3  (a) Schematic representation of silica-solution interface
(b) Schematic representation of the flow profile during electroosmosis



Where n is the viscosity of the operating buffer, peo is the electroosmotic flow

coefficient, and e is the dielectric constant of the carrier buffer.
peo=DC/4nm (1.2)

The thickness of the double layer is on the range of a few nanometers to a few hundred
nanometers depending on the concentration of carmier buffer.

When an electric field is applied across a narrow bore capillary, the solvated
counterions in the diffuse layer migrate with a flat flow profile towards the cathode as
shown in figure 1.3 (b). The net elution rate of any charged component is the sum of the
electroosmotic flow and the electrophoretic mobility of the ion. Therefore, the rate of
electroosmosis flow can affect separation time and resolution (38,42). The chemical
properties of the interface can also affect analyte adsorption which results in band

broadening.
1.1.4 Retention Time, separation efficiency and resolution

Retention Time
Retention time t r is the time for a solute to migrate through the entire capillary,

given by:
tr=L?/ (pep+ peo) Vep (13)
where L is the capillary length, uep is the electrophoretic mobility of the sample, peo is

the electroosmotic flow coefficient, V. is the applied voltage (38). It is clear that short

retention time is achieved by the use of short capillary and high voltage.



Separation efficiency

Separation efficiency in terms of the total theoretical plates, N, i1s given by
N= (pep+ peo) Vep/ 2D (1.4)

where D is the solute' s diffusion coefficient. This equation predicts that the total number
of iheoretical plates is proportional to the applied voltage and has nothing to do with the
cagillary length, thus high efficiency separations are best performed with high voliage
(38). However, the applied voltage can not be increased infinitely otherwise the
inc:zasing Joule heat will become significant. The number of theoretical plates can be

calculated from peak profile using the formula:

N=16(t /w)? (1.5)

where w is the baseline peak width.

Resolution
Jorgenson and Lukacs (38) derived the equation to predict the resolution of two

zones in capillary zone electrohporesis, followed the approach of Giddings (23).

Rs=0.177 ( pep - piepy) [ Vep/ D + peo) 112 (16)

where uepyand pep, are the electrophoretic mobilities of the two zones and J is their
average mobility. It is clear from equation (1.4) and (1.5) that a rapid electroosmotic flow
in the same direction of electrophoresis will yield higher number of theoretical plates, but
will degrade the resolution of the two zones. In other word, a fast electroosmotic flow

will result in sharp but poorly resolved peaks.



1.1.8 Sample injection

Electrokine' 4 hydrodynamic injection are best suited to sample introduction
into 25 ~ 75 um 1.4 nllaries (38,40,63,20). They are both able to d. .ver nanoliters of
sample into the capillary reproducibly. Several other injection methods such as an electric
sample splitter (15), a rotary injector (77) and a micro injection system (81,82) have been

designed for 200 pm ~ 300 ym i.d. capillanes.

Electrokinetic injection

In electrokinetic injection, also called electromigration injection, the anodic end of
the capillary and the anode are placed into the sample vial together. 1 kV ~ 5kV injection
voltage is briefly applied, causing electromigration of small plug of sample into the
capillary. The capillary and the anode are then placed into the buffer reservoir, and
separation voltage is applied. This method of injection is quite simple and effective,
introducing sample with minimal zone broadening (42). The operator is protected from
electrical shock during sample injection by an interfock system, but the operator should
not touch the interlock activator. The high voltage end of the electrophoretic system is
enclosed in a Plexiglas box. The quantity of sample injected into the capillary can be

calculated by (51)
Qinj = (pep+ o) Vinj iy nr°C /L (.7

where pepis the electrophoretic mobility of the sample, ueo is the electroosmotic flow
coefficient, t y; is the time over which the injection voltage Vinj is applied, r is the inner
radius of the capillary, C is the sample concentration and L is the capillary length. The

capillary length L is given by

L?= (pep+ peo) by Vep (1.8)
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t, is the retention time of the sample when the electrophoretic voluge Vep is applied. The

amount of sample injected can also be determined by substituting equation (1.8) into (1.7)
Qnj =LA C Vin i / Vep ¢, (1.9)

The equation (1.9) tells that the drawback of electromigration injection 1s the
discrimination for ionic components with different mobility. The positively charged
component with higher mobility is introduced into the capillary faster than the component
with lower mobility (32,63); neutral components are introduced by electroosmotic flow
only; The negatively charged components are introduced in the smallest amounts.
Equation (1.9) or (1.7) is applicable only when the conductivity of the sample
solution and the buffer are approximately equal. When the sample is not prepared in the
operating buffer, electrokinetic injection is also affected by the conductivity of the sample

solution (32).

Hydrodynamic injection

In hydrodynamic injection, the end of the capillary is placed into the sample
reservoir, followed by lifting the sample reservoir to a specified height which is Ah
higher than the other end of the capillary for an interval of time (63). This height
difference Ah causes hydrostatic pressure, pushing the sample into the capillary without
any discrimination for ionic components. The quantity of sample injected can be

calculated by
Qu=pgnr'AhCtiy /8qL (1.10)

where p is the solution density, g is the gravitational force constant, r is the inner radius

of ihe capillary, Ah is the height difference between the liquid levels of the sample
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reservoir and buffer reservoir at the grounded electrode, t iy, is the time of injection, N is

the viscosity of the sample solution, L is the capillary length.

1.2 Detection in capillary zone electrophoresis

Capillary zone electrophoresis (CZE) has turned out to be a very powerful
technique for the separation of charged species as well as neutral species. It is particularly
important for the fast separation of biological macromolecules such as oligoneucleotides,
proteins and DNA. However, one of the major limitation in capillary electrophoresis
seems to be the lack of sensitive detection. Most detection techniques used in liquid
chromatography can also be used in CZE. The construction of post-column flow cell is
hardly possible in CZE if not using sheath flow cuvette because it is extremely difficult to
connect the commonly used 5-100 um i.d. capillaries with another flow cell. The
coupling of another tube to the capillary will definitely result in extra band broadening
which deteriorates resolution (45). Accordingly on-column, non-contact detections are

used more often in CZE. Several detection techniques in CZE will be summarized below.

1.2.1 UV-absorbance

UV-absorbance detection has been used in CZE for more than one decade. On-
column detection must be performed in order to minimize loss of resolution caused by
detector dead volume. The construction of the on-column detector can be simply done by
removing a short portion of the polyimide coating from the capillary and then placing
light sensor close to the transparent capillary. According to Beer’ s Law, the sensitivity of
UV-absorbance in CZE is dependent on the molar absorptivity of the analytes and the
optical path length which equals the internal diameter of the capillary. Therefore, the
sensitivity of absorbance can be adjusted by changing the internal diameter of the
capillary. However, better separation is achieved with smaller i.d. c+pillary. Typically,

concentration limit of detection is restricted to 10"5 M level (92). The sensitivity drops
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rapidly when dealing with 10 um or less i.d. capillaries. Although the sensitivity of UV-
absorbance detection is relatively poor it has remained the most popular detection
approach. The use of high power light sources like UV lasers and xenon lamps and
improved optical sensors may reduce the detection limit. However, the limited range of

wavelengths restrict their applicability.

1.2.2 Fluorescence

Fluorescence detection is by far the most sensitive technique in capillary
electrophoresis because the analyte signal is measured against an extremely low
background signal (9,10,12,38,73,91,93). The major background noise in on-column
fluorescence detection is light scattering which may interfere with the fluorescence. The
intensity fluctuation of excitation source can also increase background noise level,
thereby reducing the signal-to-noise ratio.

On-column detection is accomplished usually by focusing the excitation source
onto the capillary and collecting the fluorescence light ai right angle to the incident light
in order to reject stray light interference. Laser is often used as an excitation source
because it is monochromatic and well collimated, thus easily focused onto small
capillaries. Helium cadmium lasers seem to be the most popular (6,22,26,62,56,90), since
they are not very expensive and emit in the UV range (325 nm). Argon ion lasers have
also been used extensively for excitation of fluorescence in capillary electrophoresis (4,
12,13,16,72,91), since they provide higher power at 488 nm. However, it is rather
expensive and requires forced air cooling. Recently, a semiconductor laser has also been
used as an excitation source in capillary electrophoresis (28). This laser is good for
capillary electrophoresis especially due to its low price and small dimension. Arc lamps
have also been used as an excitation source, where the excitation wavelength can be

selected with optical filters (38,40,51).
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The post-column laser-induced fluorescence detection via a sheath flow cuvette
presented the best detection limit in CZE (10). Detection limit of 30 analyte molecules
have been produced with this technique. In this detector, the outlet of capillary is inserted
into a 200 um square quartz flow chamber. The sample flow: as a narrow stream
surrounded by a sheath stream consisting of the same buffer as that used for
electrophoretic separation. The high quality windows of the cuvette produces at least two
orders of magnitude less light scattering than an on-column detector.

The inevitable disadvantage of fluorescence detection is pre-column labeling of
the non fluorescent sample molecules, which is usually required since very few molecules

fluoresce.

1.2.3 Radioisotope

Radioisotope detection is not frequently used in CZE. Altria et al. provided the
earliest detection of radio pharmaceuticals containing radioactive technetium in CZE (3).
Pentoney, Zare and Quint have made an on-column detection of 32p.]abeled molecules by
placing a semiconducting CdTe wafer near the outlet of the capillary as a radioactive
detector (59,60). They were able to obtain detection limit of 100 attomoles for 32p.

labeled ATP.

1.2.4 Mass Spectroscopy

Capillary zone electrophoresis has been coupled to a mass spectrometer through
an electrospray-ionization (ESI) interface by Smith and co-worker (48,49,58,67-70,78).
The interface was based upon direct electrospray ionization from the terminus of the
capillary. The key of CZE-MS interface is the excellent electrical contact of the
electrophoretic buffer at the capillary outlet. This was made by either a small needle (58)
or a vapor deposited silver coating on the capillary exit included by a stainless steel

tubing (67). This electrical contact was also used to provide ESI voltage which was
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typically 3 ~ 5 kV. The focusing electrode was typically at 300 V., while the sampling
nozzle and skimmer are at ground potential. The ESI ion source functions at atmospheric
pressure. The cloud of electrospray was desolvated by the hot N2 curtain before the ions
entered the quadruple mass spectrometer. Although the ESI process has not been
understood very well it has been found that buffer composition, pH, desolvation gas flow,
electric field strength and even analyte concentration can be important variables for ESI
mass spectra. Detection sensitivity and resolution vary widely as well (67). CZE-MS
provides detection limit in femtomole range, more than 10° theoretical vlates and

structural information for many compounds.

1.2.5 Amperometry

The first post-column amperometric detection in CZE was made by Wallingford
and Ewing (81-86). They used a porous glass joint to connect the separation capillary
with detection capillary to make an electrical contact with the electrophoretic buffer prior
to detec. Hn spot. A 5-10 um o.d. carbon fiber electrode was inserted into the capillary.
This joint was immersed in the buffer reservoir that contains the ground electrode. The
electroosmotic flow from the first capillary is able to pass through this joint to the carbon-
fiber electrode located at the end of second capillary. This porous glass joint serves as a
ground to complete the electrophoretic circuit, thus isolating the amperometric detector
from the high voltage. The authors reported detection limits of 200-400 attomoles for

catecholamines separated in a 26 pm i.d. capillary.

1.2.6 Conductivity

Conductivity detection has been used in ion chromatography for almost two
decades. As a universal detector, it is less sensitive than the specific detector which
responds only to the analtye molecules. The commonly used capillaries have internal

diameter as small as 10 ~ 100 um. The construction of conductivity detector with low
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dead volume in CZE is extremely challenging. Huang and Zare have pointed out the three
possible designs, on-column, end-column and post-column structures for a CZE
conductivity detectors (37). In 1979, Mikkers described the first conductivity detection in
CZE (54.55). In 1985, Deml et al. employed conductivity detection (15). In 1986, Foret et
al. constructed an on-column conductivity detector which consisted of three um
wires cast into a polyester resin block attached to the cathodic end of the separation
capillary (19). In 1987, Huang et al. described the most versatile on-column conductivity
detector in CZE (30). A computer-controlled CO2 laser was used to punch two 40 um
holes on the opposite sides of 50 um i.d. or 75 um i.d. capillary. Two 25 um diameter
platinum wires were inserted into these holes and sealed with epoxy adhesive as sensing
electrodes. The electrodes must be placed horizontally across the capillary in order to
minimize the interference from high electric field. The electric field in CZE is usually
200 ~ 300 V / cm, an ac conductivity circuit with isolation transformer must be used to
measure the conductance (17,30). Detection limit was 10°7 M for Li*. Low molecular
weight carboxylic acids have also been detected with this conductivity detector (31).
Private correspondence with the author tells that this technique is not easy. In order to
avoid the high electric field, Huang and Zare designed an end-column conductivity
detector in 1991 (36,37). In this detector, a 60 um hole was punched by CO2 laser 7 mm
from the outlet of the 75 um i.d. x 363 um o.d. capillary. A 50 um diameter platinum
wire was then inserted into the capillary until it just reached the hole. The end-column
conductivity detector was found to give rise to 17% extra band broadening compared
with on-column conductivity detector. The conductivity was measured between the 50
pm sensing electrode and the grounding electrode. They proved that the concentration of
buffer in the ground reservoir does not affect sensitivity, but the buffer inside the
capillary does affect the sensitivity significantly. Post-column conductivity detectors may
be constructed by grounding the capillary prior to the scnsing electrode, using either a

porous glass structure (83) or an on-column frit structure(33).
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Conductivity signal often shows a poor reproducibility and time dependent
instabilities, which are not of electronic origin (79). Baseline drift, signal wander and
ghost peaks are the major problems in conductivity detection. These unwanted
phenomena are primarily due to electrochemical effects, adsorption and the existence of
impurities. Temperature drift has only a minor influence.

Conductivity detection functions in displacemeni mode. When an analyte ion of
the same charge as that of the buffer ion is injected, there is a one to one displacement of
the buffer ion with same charge in the sample zone to maintain constant ionic strength.
The displacement of the buffer ion results in a increase or decrease of the background

signal depending upon the difference of conductivity between the analyte and the buffer.

1.2.7 Chemiluminescence

Based on the luminol-hydrogenperoxide reaction, Dadoo, Colon and Zare
described the first chemiluminescence detection in capillary electrophoresis (14). The
electrophoretic capillary (75 pm i.d. x 375 pum o.d.), reagent capillary (200 pm i.d. x 375
um o.d.) and reagent capillary (150 pm 1.d. x 375 um o.d.) were held together by a PEEK
tee connector. The reagent capillary is used to deliver the catalyst solution to react with
luminol eluted from the electrophoretic capillary. A 3-4 cm section at the end of the
electrophoretic capillary was eched to approximately 100-120 um outer diameter and
inserted into the reaction capillary. A 2-3 mm detection window was made by burning off
the polyimide coating on the reaction capillary. It was placed at the focal point of a
parabolic reflector. The other part of the reaction capillary was painted black to prevent
residuzl light emission after the detection window from reaching photomultiplier tube
(PMT). The collimated light from the reflector was then focused by a planoconvex lens
onto the PMT which was cooled to - 20 °C to reduce dark current. On-column luminol
chemiluminescent reaction provides sensitivity several orders of magnitude greater than

UV-absorbance due to the low background noise. Detection limit is 3 x 10 M level for
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luminol and 7 x 10" M for N-( 4-aminobutyl )-N-ethylisoluminol (ABEI). However, the
peak width is very broad (one minute).

1.3 Comparison of capillary ion analysis and ion chromatography

Ion chromatography ( IC ) is a separation technique developed in 1975 (66). Since
then it has grown quickly and become a routine separation method in many areas.
Recently, it encounters a challenge from capillary ion electrophoresis ( CIA ) created in
1991 by Waters (53,11,25,27,45,61,64,89). Waters claimed that CIA is " a revolutionary
advance over conventional ion chromatography " because CIA can separate a mixture of
30 standard anions in three minutes which is nearly 10 times faster than conventional
chemically suppressed IC. Waters says this new technology also offers the analyst better
separation efficiency and resolution. Compared with the average 2000 theoretical plate
efficiency of suppressed IC, CIA often generates 500,000 plates which translates into a
large increase in resolving power for ionic species. This high separation efficiency and
fast speed can be hardly achieved by any other separation schemes. Indirect UV detection
is generally employed in CIA. Detection limit is up to part-per-billion range.

CIA separates ionic species based on the difference of ionic mobility rather than
ion exchange mechanism. A UV-absorbing substance is added to the buffer to generate a
high background signal. To achieve a maximum signal-to-noise ratio, the UV lamp must
be extremely stable. When high voltage is applied, the ions will migrate differentially
along the capillary. Many sample zones are formed. In order to keep the constant ionic
strength, some UV absorbing additive is replaced by the analyte, producing a negative
peak which is proportional to the analyte concentration. This indirect detection scheme

measures small changes against a large background signal.
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1.4 Conductance and mobility of ions

1.4.1 Conductance

The conductance of an electrolyte is the reciprocal of the resistance R and

expressed:
1/R=x(A/l) (L1

where «x is the specific conductance or conductivity in units of S / m; A is the area of the
electrolyte and 1 is the length of the electrolyte. The ratio 1 / A for a conductimetric cell is
known as the cell constant. Conductivity is the reciprocal of resistivity, it is a function of
the concentration of the electrolyte. For very dilute solutions of strong electrolytes, the
conductivity is proportional to concentration. The equivalent conductance, A, is defined
as the conductance of a volume of solution containing one equivalent weight of dissolved
substance when placed between two parallel electrodes 1 cm apart, and large enough to
contain all the solution between them (88). A is never determined directly, but calculated
from the specific conductance. It is related to specific conductance and concentration, C,

in gram equivalents /1 as follow (50):
A=1000x/C (1.12)

The unit for A is S x m?/ equiv. The analyte concentrations normally encountered in
capillary zone electrophoresis are below the millimolar level which is low enough for A
to be independent of concentration. At infinite dilution, A is called limiting equivalent

conductance, A°.
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1.4.2 Mobility

The mobility of an ion at any finite equivalent concentration is the velocity with
which the ion moves under unit potential gradient (88). Its unit is m? / (s V equiv.). At
infinite dilution, the ionic mobility reaches a limiting maximum value called absolute
mobility, p° (m* / s V). The absolute mobility p° is related to the limiting equivalent

conductance A° of the ions:
pe =ASF W =A’F (1.13)

where F is the Faraday constant ( 96485.309 coulombs ). At finite concentration, values

of A; are substituted for A3, and ionic mobility decreases with increasing concentration.

The absolute mobility of an individual ion can be calculated from its limiting equivalent

conductance.
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2.1 Instrumentation

Figure 2.1 (a) shows the overall instrumentation for end-column conductivity
detection in CZE. The detection spot is located inside the ground buffer rather than on-
column as shown in figure 1.1. The entire CZE system was constructed on a well-damped
4 x 8 feet optical breadboard (Newport). A high voltage d.c. power supply (Spellman)
provides a variable voltage of 0 ~ 30 kv to drive the electrophoresis. For safety purpose,
the high voltage end of the CE system is enclosed in a 40 cm x 20 cm x 30 cm Plexiglas
box with interlock system which is able to disconnect the high voltage in case the
Plexiglas box is accidentally opened. Electrophoresis was performed in 52 um i.d. x 360
pm o.d. x 40 cm long fused-silica capillary with polyimide coating. A 1.5 ml plastic vial
is placed at the high voltage end of the capillary as buffer reservoir. A rotating Plexiglas
holder was used to adjust the plastic vial up and down during the sample injection. The
conductivity detector holder was immersed about 5 cm in the buffer. A 25 ml buffer
reservoir at grounding end is used to reduce the temperature fluctuation since no
thermostating device was used in the experiment. Parafilm is used to cover this reservoir
to prevent the external dust from sneaking into the reservoir. The Araldite epoxy provided
a good sealing at the end of the Plexiglas tubing. To eliminate siphoning effect, a small
lab jack is used to adjust the liquid level of the ground buffer equal to that of the same
buffer at the high voltage end. The ground electrode is a 0.8 mm diameter x 6 cm long
platinum wire which was soldered to a coaxial cable. The other end of the coaxial cable is
connected to the electronic circuit for conductivity detection via. a BNC connector.

Figure 2.1 (b) shows the configuration of the end-column conductivity detector in detail.



(a)
capillary
+ high
VOItage e ffer —
buffer L 47,0
Plexiglas box
function
generator
chart conductivity
recorder detector
Figure 2.1

Instrumentation for end-column conductivity detector in capillary zone electrophoresis
Capillary: 40 cm x 52 pum i.d. x 360 um o.d.; slit size: 55 um wide x 164 um deep
Platinum electrode: 15 mm long x 50.8 um diameter
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(b)

52 um id. x 360 um o.d.
fused-silica capillary

conductivity 0.47 pf fuction
detector . capacitor generator
coaxial
cable
- 1/8" id. x 1/4" o.d.
Plexiglas tubing
25 ml ground buffer

€poxy

Figure 2.1 (continued)

Instrumentation for end-column conductivity detection in capillary zone electrophoresis
Capillary: 40 cm x 52 um i.d. x 360 um o.d.; slit: 55 pm wide x 164 um deep

Platinum electrode: 15 mm long x 50.8 um diameter.



2.2 Reagents
1. Lithium Chloride ( anhydrous ) 99.99% [ 7447-41-8 |
LiCl = 42.39
Aldrich Chemical Company, Inc.
2. Sodium Chloride 99.999% [ 7647-14-5 |
NaCl = 58.44
Aldrich Chemical Company, Inc.
3. Potassium Chloride 99.99% [ 7447-40-7 |
KCl =74.56
Aldrich Chemical Company, Inc.
4. Rubidium Chloride ( Purified )
RbCL = 120.92
Fisfer Scientific
5. MES (2-[N-Morpholino}) ethanesulfonic acid [ 4432-31-9]
FW =195.2
Lot 40 H5601 M8250
Sigma Chemical Co.
6. L-histidine [71-00-1]}
FW =155.16
Aldrich Chemical Company, Inc.
7. powder and liquid of Dura Lay
Reliance Dental mfg, co., Worth, IlI, U.S.A.
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2.3 Solution preparation

2.3.1 Preparation of buffer

The distilled deionized water was prepared from an ultrapure water system (
Model No. 04751, Barnstead, Iowa, U.S.A.) and degassed for 30 minutes before use.
MES and histidine were weighed in a 100 ml volumetric flask on a top-loading balance.
They were diluted to 0.2 M as stock solution. The solution was further diluted to 0.020 M
MES / histidine buffer and then filtered and degassed for about 10 minutes with 500 mi
Nalgene disposable filterware. The pH of 20 mM MES / histidine buffer was measured to
be 6.15 with Fisher Scientific pH meter 15.

2.3.2 Preparation of standards ( 0.1000 M )

LiCl, NaCl, KCl and RbCl were dried at 130°C in the oven for 24 hours to remove
the absorbed water. They were cooled for about 20 minutes after being removed from the
oven. Exact amounts of each sample was then weighed in 100 ml volumetric flask on an
analytical balance (Sartorious Research R200D). The distilled deionized water was
prepared from an ultrapure water system (Model No. 04751, Barnstead, Iowa, U.S.A.)
and degassed for 30 minutes before use. Then cationic standards were dissolved
overnight and diluted to mark. The standards were filtered through 110 ml Nalgene
disposable filterware with a 0.2 um membrane. These standard solutions were then
transferred into a 250 mi plastic bottle as stock solution. 100 ul of each 0.1 M stock
solution was pipetted into a 1.5 ml plastic vial, 900 ul of 20 mM MES / histidine buffer
was added to prepare 0.01 M standard solution. They were further diluted to 0.001 M in
10 ml plastic vial with 20 mM MES / histidine buffer ( pH = 6.15 ) for future use.



2.4 Equipment

2.4.1 Capillaries

The 52 um i.d. x 360 um o.d. fused-silica capillaries with polyimide coating were

purchased from Polymicro Technologies Inc., Arizona, USA.

2.4.2 Blade

All blades were purchased from Thermocarbon Inc., P. O. Box 181220,
Casselberry, Florida, USA. Tele: (407) 834-7800.

In the present experiment, a 1.9 mil thick resin blade ( Part# 2.187-1.9A-22RU7-
3, Lot# E0705922235RU7-3 ) was used for cutting the capillary. The actual thickness of
this blade was measured to be 48 um with an ONO SOKKI digital micrometer at Alberta

Microelectronic Centre.

2.4.3 Platinum wire
The 50.8 um diameter platinum ( 99.99 % ) was purchased from Johnson Matthey
Catalog Company, 30 Bond Street, Ward Hill, MA 01835. It was used as the sensing

micro-electrode for the conductivity detection in capillary zone electrophoresis.

2.4.4 Model 1100 wafer dicing saw

The micro automation model 1100 wafer dicing saw is a microprocessor-
controlled, programmable, automatic saw for cutting semiconductor wafers and other
hard materials (95) . The saw uses a closed circuit TV system with split image optics to
align the wafer before cutting, program and data display, and monitoring. A high torque
air bearing motor with controllable speed turns the cutting wheel, which accepts any two-
inch nominal saw blade. Vacuum holds the wafer on the chuck while cutting. The chuck

moves rigat, left, up and down, and rotates under operator or program control.
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Figure 2.2
Model 1100 wafer dicing saw, Micro Automation Inc.

Figure 2.3
Model 150 mounting station, Micro Automation Inc.



2.4.5 Mounting Scation

Figure 2. is the picture of Model 150 mounting station which was used to fix the
capillaries onto the mounting tape ( also called medium tack blue tape ). This tape was
purchased from Semiconductor Equipment Corp., 5154 Goldman Avenue, Moorpark, CA
93020-0779. Detailed information of the mounting tape is described in Appendix 3.

2.5 Mounting

2.5.1 Horizon' .. mounting

This simplest mounting method is ideal for the radial dicing of the capillanies. The
mounting frame was covered smoothly by the blue tape. The blue tape was pressed and
the unwanted part was cut off along the presser. The mounting frame was then removed
and Micro Automation Mounting Station was turned on. The capillaries were placed side
by side on a 25mm x 75 mm microscope slide. The blue tape was used to hold all the
capillaries in right angle to the edge of mounting frame. The mounted capillaries were
baked on the mounting plate at about 60 °C for 10 minutes so that the capillaries were

well stuck to the blue tape. The mounting frame was removed and cooled.

2.5.2 Vertical mounting

This mounting method is for the longitudinal dicing of capillaries. Dozens of 75
pm id. x 363 pm o.d. x 20 mm long capillaries were glued to 50 mm x 20 mm x 20 mm
Plexiglas block with very small amount of Araldite epoxy (Ciba-Geigy Plastics, Duxford,
Cambridge, CB2 4QA) and left for 24 hours.

The Micro Automation Station was turned on. The mounting frame was placed on
wop of the mounting plate. When the plate reached about 60 °C, the mounting tape was
pulled onto the plate smoothly. The Plexiglas block was pressed against the tape, the

mounted capillaries were baked in the oven at 80 ~ 90 °C for 10 minutes until the
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Plexiglas block is well stuck to the blue tape. Care should be taken because higher
temperature shrinks the tape. The mounted capillaries are removed from the oven and

allowed to cool.

2.6 Dicing

2.6.1 Alignment

The ALIGNMENT was pressed, a SINGLE-CUT was made on the unwanted part
of capillary. The cursor on the TV monitor was moved up and down until the cut is
located exactly on the centre of the cursor, the cursor width was adjusted equal to that of
the cut. The cursor must not be readjusted during the dicing process unless other cutting

is on different height.

2.6.2 Radial cutting

Radial cutting is the most important section for the construction of end-column
conductivity detector in CZE. The 48 pum thick resin blade (Thermocarbon Inc.,
Casselberry, Florida, USA) was used in all cases. By programming the wafer dicing saw,
the cutting depth can be easily controlled. The wafer dicing saw must be zeroed before
cutting. This can be accomplished simply by the following procedure:

Press SPINDLE ON, wait until the light stops flashing. Flush the resin blade for a
few minutes, then press CHUCK ZERO. This initiates an automatic chuck zero sequence:
the chuck is moved under the dicing blade on the spindle; it is raised until the chuck zero
circuit detects " contact " and chuck zero is established. The indicator lamp of the
CHUCK ZERO key blinks during this process, then stays lit when the chuck zero
sequence is completed. The height in the program is from the top of the chuck to the

bottom of the cut. The thickness of the mounting tape is measured to be 76 micrometer.
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The light source from the image optics was found not strong enough to provide a
clear imaging of the capillaries on the TV monitor. A flashlight was used to illuminate
the capillaries to achieve a clear imaging for the alignment. This step is particularly
essential for longitudinal cutting. The 2.5.2 horizontal mounting procedures were
followed to mount the capillaries onto the blue tape. Install the mounting frame onto the
chuck of wafer dicing saw. Press the WAFER LOCK, vacuum was applied to suck the
frame tightly. The blade will be flushed as soon as dicing is staried. The end of the
capillaries were cut neat with a SINGLE-CUT mode. The various work being done was

fully described at the bottom of each microscope picture. The edge of narrow blade is

usually convex, therefore the cut on the capillary is concave at the bottom.

Figure 2.4
Two consecutive 105 pm deep x 55 um wide slits with 145 um spacing were cut radially
on thirty 50 um i.d. x 184 um o.d. capillaries with 48 um thick resin blade.
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Top view

Front view

Figure 2.5
80 pm deep x 55 um wide slit was cut radially on the 50 pm i.d. x 184 um o.d. capillary
with 48 um thick resin blade
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Top shoot

Bottom shoot

Figure 2.6
164 pum deep x 55 um wide slit was cut radially on fourty 52 pum i.d. x 360 um o.d.

capillaries with 48 pm thick resin blade.
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Figure 2.7
Two consecutive 160 um deep x 55 um wide slit with 150 pm spacing were cut radially

on the 75 um i.d. x 363 pm o.d. capillary with 48 um thick resin blade
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2.6.3 Longitudinal cutting

Longitudinal cutting is perhaps the best example to reflect the cutting accuracy of
wafer dicing saw. It is hardly possible to machine a narrow slit with controllable depth
and width by any other technology except wafer dicing saw. The wafer dicing saw makes
this sophisticated work easy because you can almost see the result before it is done. You
can see the place where you want to cut from the TV monitor.

The 50 um i.d. x 184 um o.d. capillary, 75 um i.d. x 363 um o.d. capillary and
97.6 um i.d. x 231.3 um o.d. capillary were used as an example to show the versatility of
wafer dicing saw for logitudinal cutting on the capillaries. These capillaries were
mounted vertically on the Plexiglas block described in 2.5.3 vertical mounting. The

detailed work is described at the bottom of each figure.

Figure 2.8
40 pm deep x 55 um wide slit was cut longitudinally on the centre of the internal hole of
97.6 um i.d. x 231.3 um o.d. capillary with 48 um thick resin blade



Top view

Front view

Figure 2.9

10 pm deep x 55 pm wide, 40 um deep x 55 pum wide and 110 pm deep x 55 pm wide
slits were cut longitudinally on the internal hole of the 50 pm i.d. x 184 um o.d. capillary
with 48 pm thick resin blade.
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Top view

Front view

Figure 2.10

110 pm deep x 55 pm wide slits and 140 pm deep x 55 pum wide slits were cut
longitudinally on the centre of the internal hole of the 75 um i.d. x 363 um o.d. capillary
with 48 um thick resin blade.
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2.7 Making holes on capillary

The wafer dicing saw has demonstrated a versatility in the area of micro
machining. A surprising way of making holes on the fused-silica capillary was developed
based on the longitudinal cutting of the capillaries. First, the 75 pm i.d. x 363 um o.d.
capillary with 110 um deep x 55 pm wide slits on figure 2.10 was removed from the
Plexiglas block. Secondly, this capillary was aligned perfectly with another 75 pm i.d. x
363 um o.d. capillary with flat cross-section, along a 300 um deep x 370 um wide flat-
bottom channel on Pyrex plate under microscope. Thirdly, the joint of the two capillaries
was melted by a micro torch under microscope. Figure 2.11 is the picture of the two holes
on the capillary. The temperature of the micro torch can be adjusted near the softening
point of fused-silica (1300 °C) by controlling the flow rate of acetylene and oxygen. In
order to further confirm the internal hole of the capillary was not clogged, water was

injected from one end, and it passed through the two holes!

Figure 2.11
Two 110 pm deep x 55 um wide holes were made on 75 um i.d. x 363 um fused-silica

capillary
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2.8 The advantages of wafer dicing saw over COz laser

(1) Model 1100 wafer dicing saw makes narrow slits on many fused-silica capillaries
with the size accurately controlled. 20 ~ 200 um wide slits can be cut on 3 pm i.d. to 500
um i.d. capillaries by choosing an appropriate thickness of blade. Private communication
with Zare proves that drilling holes with CO2 laser or capillary is not easy for other
research groups. The size of the holes drilled by CO2 laser is not easy to control.

(2) The size of the slits made by the wafer dicing saw are greatly reproducible.

(3) Model 1100 wafer dicing saw demonstrates an incredible processing speed. Model
1100 wafer dicing saw can cut one slit radially or longitudinally on three hundred 52 um
i.d. x 360 um o.d. capillaries within 20 minutes. In other word, it takes 4 seconds to cut
one slit in one capillary. Such a high speed is ideal for mass production.

(4) Model 1100 wafer dicing saw is able to cut the cross-section of 20 pm i.d. ~ 500 um

i.d. capillaries longitudinally with great accuracy.

2.9 Construction of end-column conductivity cell

2.9.1 Fabrication of platinum sensing electrode

15 mm long x 50.8 um diameter platinum wire was cut radially with a sharp razor
blade on a precleaned microscope slide. The :nd of the platinum wire should not be
distorted otherwise it is very difficult to insert it into the internal hole of the 52 um i.d. x
360 um o.d. capillary. The end of the Pt wire was examined under microscope after each
cutting until a flat cross-section was achieved. Figure 2.12 shows the cross-section of
50.8 um diameter platinum electrode in detail. It is easy to repeat the same quality. The
method to achieve an optical flat cross-section of platinum electrode is described in the

section of future work.



Figure 2.12
50.8 um diameter platinum wire was cut with a sharp razor blade

38
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2.9.2 Conductivity cell holder

10 cm long sheath was peeled from a 50 ¢cm long coax cable. The core was madc¢
into a 1/8" diameter coil around a stainless steel tubing. This coil was then inserted into .
1/8" id. x 1/4" o.d. x 2" long Plexiglas tubing (Johnston Industrial Plastics i.d.,
Edmonton, Alberta) on which a 1/32" deep V-groove was machined. Pour the mix‘ure of
powder and liquid of Dura Lay (Reliance Dental mfg, Co., Worth, !li, U.S.A.) into the

tubing and allow it to cure for two hours.

2.9.3 Insertion of sensing platinum electrode

A 55 um wide x 164 pum deep slit was cut exactly 10 mm from the end of 40 cm
long x 52 pm i.d. x 360 um o.d. capillary as shown in figure 2.6. A 15 mm long x 50.8
um diameter platinum wire was manually inserted to the position 2 as shown in figure
2.14 (top) using a sharp-tip forceps (Dumont, Switzerland) under microscope. Figure 2.13
shows the configuration of end-column conductivity cell in capillary zone
electrophoresis. In order to present a clear photograph of this delicate and tiny structu-
the slit and platinum electrode was shot from three directic- - The capilla~ . ..\ ut
platinum electrode was used for contrast. The platinum wire was then sealed to the
capillary outlet with Araldite epoxy. This capillary was then glued to the V-groove in the
conductivity cell holder with the mixture of powder and liquid of Dura Lay (Reliance
Dental mfg, Co., Worth, IlI, U.S.A.). The mixture becomes solid within an hour. The
platinum wire was soldered to the core of the above-mentioned coax cable which
connects with the conductivity detector. Aradite epoxy was again applied to seal the end.

Figure 2.13 (e) is the cross-sectional view of this end-column conductivity detector.



(a)

(b)

Figure 2.13
Configuration of end-column conductivity cell in capillary zone electrophoresis



(©)

Figure 2.13 (continued)

Configuration of end-column conductivity cell in capillary zone electrophoresis
Capillary: 40 cm x 52 um i.d. x 360 um o.d.; slit: 55 um wide x 164 um deep
Platinum electrode: 15 mm long x 50.8 um diameter.
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(e)
S2umid. x 360 1/32" deep, right
wm o.d. capillary angle V groove

)

Figure 2.13 (continued)

Configuration of end-column conductivity cell in capillary zone electrophoresis
Capillary: 40 cm x 52 um i.d. x 360 um o.d.; slit: S5 pm wide x 164 um deep
Platinum electrode: 15 mm long x 50.8 um diameter.

42
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2.6 Electronic circuit for conductivity detection

The electronic circuit of the conductivity detector is shown in Figure 2.15. A
function generator (Health Company Benton Harbour, Michigan, USA) supplied a 5 kHz,
0.6 V peak-peak sine wave signal across the platinum sensing electrode inside the
capillary and grounding electrode where the conductivity was measured. The signal
amplitude was read from Tektronix 2213A, 60 MHz oscilloscope. The applied sine wave
signal was ac-coupled through a 0.47 uf capacitor to climinate the possible
electrochemical reaction that might be incurred by any dc bias voltage. The 39.3 kQ2
resistor is used to pass the electrophoretic current. The 0.1 pf capacitor passes the high
frequency ac signal but rejects low frequency noise. The current through the cell was
amplified with two current-to-voltage converters made from LF 356 JFET operational
amplifier with a 100 k€ feedback resistor in parallel with a 5 pf capacitor. The ac output
is proportional to the conductivity of the solution between the sensing electrode and the
ground electrode. A germanium IN 617 diode was used to rectify the amplified ac
signal. The other IN 617 diode was used to provide a 0.4 V dc offset to reduce the loss
of ac signal. The rectified signal was then conditioned with a summing amplifier
constructed from LF 353 after being smoothed with a 0.47 pf capacitor. Eventually, the

output was low-pass filtered to remove the high frequency noise.
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RESULTS AND DISCUSSION
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3.1 Effect of temperature on background conductivity

Temperature has a strong impact on conductivity. The conductivity of an aqueous
soluiion rises about 2 % per degree (50,65). Therefore, it is important to keep the
temperature of the conductivity cell constant during electrophoresis. This can be
accomplished by thermostating the conductivity cell slightly above ambient temperature.

In the present experiment, the conductivity was measured inside a 25 ml buffer
reservoir at room temperature (about 22 °C). The conductivity cell was not thermostated
for the purpose of simplicity. The electrophoretic current in this experiment was 2.4 4A
under 10 kV applied voltage. The total power generated was 0.024 W, which could
change temperaturc less than 0.3 °C according to Burgi' s work (5). When 10 kV was
applied across the capillary, it took 157 seconds for K* to migrate through the 40 cm long
capillary. The sum ~f electrophoretic and electroosmotic flow for K* was calculated to be
2.548 mm / seconds. The detector holder was immersed S c¢m into the buffer, it was 4 cm
from the slit to the surface of the ground buffer. Therefore, the flow of eluent was cooled
by the ground buffer for about 16 seconds. This helped to reduce the thermal convection
in the vicinity of the sensing platinum electrode when higher power was delivered across

the capillary.

3.2 Effect of platinum sensing electrode on the electrophoretic current

Huang and Zare (37) demonstrated that the electrophoretic current fluctuated wildly
after 1-2 min and then declined for position 1 and 2 of the platinum sensing electrode in
the end-column conductivity detector, as shown in figure 3.1, when high voltage (300 V /
cm) was applied. They suspected that gas bubbles accumulating around the sensing
electrode caused this undesirable behavior. To investigate whether this was teue in our
conductivity detector, the electrophoretic current was recorded for 30 minutes under 15

kV /40 cm (375 V / cm) electric field. The current (3.7 pA) turned out to be constant
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position 1 position 2 position 3

Figure 3.1

Three positions of the 50.8 pm diameter platinum sensing electrodes in CZE

The 164 pm deep x 55 um wide slit is 10 mm from the end of 52 um i.d. x 360 um od.
capillary. Position 1: top; position 2: middle; position 3: bottom.

5
4-r . o 0 — " 2 -0~ 4?
3 3
-
&
5 27
&)
1 -y
0 - T - - '
0 10 20 30
Time (min.)
Figure 3.2

Effect of the 50.8 um dia. platinum sensing electrodes on the current in CZE
Capillary: 40 cm long x 52 um i.d. x 360 um o.d.
voltage: 15 kV; current: 3.7 pA; buffer: 20 mM MES / histidine, pH = 6.15
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Figure 3.3

The response of the electrophoretic current versus the electrophoretic voltage
Capillary: 40 cm long x 52 um id. x 360 um o.d.; buffer: 20 mM MES / mM histidine,
pH =6.15.

during the entire electrophoresis as shown in figure 3.2. Therefore, the position 2 of the
sensing electrode does not interrupt the electrophoretic current at all. To further study the
influence of the sensing electrode, the electrophoretic current was measured under
various applied voltages. It was found to be linear with the applied voltage in the range of
0 ~ 12 kV, as shown in figure 3.3. The positive deviation from the linear curve results
from the temperature rise induced by the increasing Joule heating. The electrophoretic
current increases by 2 % per degree. Figure 3.2 and Figure 3.3 show that position 2 of
the sensing electrode does not affect the electrophoretic current. This is different from
Huang' s result. This probably results from the different configuration of the conductivity

cell. In this conductivity cell, a 164 pm deep x 55 um wide slit was used rather than a
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hole to release the eluent. It is more difficult for gas bubbles to be trapped inside the slit
than in a hole. Position 1 conductivity cell was not constructed because the sensing

electrode may have blocked the flow of eluent.

3.3 Potential drop between the platinum sensing electrode and ground

A significant advantage of the end-column conductivity detector is the lower
potential drop on the platinum sensing electrode. If the sensing electrode in the on-
column detector is 1 cm from the capillary outlet when 300 V / cm electric field is
applied, it will suffer 300 V which makes the conductivity detection very difficult and
dangerous. Therefore, a specially designed electronic circuit for conductivity detection is
required (30). However, the potential drop on the sensing electrode in the end-column
conductivity detector is only a few volts because the sensing platinum electrode is very
close to the ground buffer. A large resistance from the sensing electrode to the bulk buffer
means a large potential drop between them. In this conductivity cell, the cross-sectional
area of the narrow slit is several times larger than that of the hole drilled by a COz laser,
thus the resistance of the buffer inside the narrow slit is predicted to be several times
smaller. The potential drop on the sensing electrode was only 1.037 V under 250 V / cm
electric field. When 300 V / cm electric field was applied, the potential drop was 1.352 V.,
This is an apparent improvement compared with the 6.0 V potential drop on the sensing
electrode under 300 V / cm electric field reported by Huang (37).

It should be emphasized that the grounding electrode is not a real ground due to
the 39.2 kQ2 current-sampling resistor. The total resistance from the high voltage end to
the grounding electrode is calculated to be 4216 MQ based on the ratic of voltage to
current at 10 kV. In other words, the resistance is 1054 MQ / cm, or 1.05 MQ / 100 um
along the capillary. The total resistance from the sensing platinum electrode inside the 52
pm i.d. x 360 ym i.d. to the real ground is calculated to be 437.2 kQ. Therefore, the net

resistance from the sensing platinum electrode to the grounding electrode is 398 kQ2
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which equals the resistance of a 37.9 um long capillary-filled 20 mM MES / histidine.
The semi-circular geometry of the 164 ym deep x 55 um wide slit reduces the resistance

about four times compared with the hole drilled by a CO2 laser.

3.4 Peak identification

The identification of the cation peaks in the electropherogram is based on their
retention times. The retention time of each cation was measured and summarized in Table
3.1.A 5x 10” M cation sample of various cations was electrokinetically injected for 10
seconds at 1 kV. The relative retention time of each cation to lithium is calculated. The
absolute mobility of the ions was calculated from the limiting ionic conductance. If the W
of the cations is not too close to one another, they should be well separated in the

conductivity detection of capillary zone electrophoresis.

Table 3.1 Retention time and relative retention time of Li*, Na*, K* and Rb*
Cation Retention time ts tr /te (Li*) 4°(108m?/sVv)
Li* 240 1.000 4.01

Na' 203 0.8458 5.19

K 155 0.6458 7.62

Rb' 149 0.6208 8.06

tr /tr (Li* ): relative retention time Li*; y° absolute mobility of ions from ( ref. 88).
Analyte: 5x 10 5 M LiCl, NaCl, KCI and RbCl; Buffer: 20 mM MES / histidine, pH=
6.15; electrophoretic voltage: 10 kV; injection voltage: 1kV for 10 second;
electrophoretic current: 2.4 uA; capillary: 40 cm long x 52 ym i.d. x 360 yum o.d.;
sinewave amplitude: 0.6V potential drop on sensing electrode: 1.037 V;



51

Based on the data in Table 3.1, the absolute mobility of 20 mM MES / histidine

buffer is calculated to be 2.46 x i0°%m?/sV according to equation (3.1):

t L (Mot BE;) Vep=tNal Heo+ HRa) Vep 3.1

where puf; and py, are the electrophoretic mobility of Li* and Na* respectively and Vep is

the electrophoretic voltage.

3.5 Precision

The peak height precision for 6 x 10°M Li*, Na* and K* was investigated under
conditions described in table 3.2. After each run, the high voltage was left on for §
minutes to purge the capillary. All the electropherograms were run within the same day.
The standard deviation and relative standard deviation of peak height and retention time
is listed in table 3.2. The ten runs are shown in figure 3.4.

The deviation in peak height results from the variation of the injection volume
from run to run. The .cuon volume was determined by the injection voltage and
injection time according 1, equation (1.9). It is unlikely that the manual setting of
injection voltage could introduce apparent variation. Consequently, the deviation in peak
height reflects the variation in the injection time. Higher precision could be achieved if a

computer was used to control the injection time and voltage.
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run 1

-

N

v

1.0 25 4.0 5.5

Time (min.)

Figure 3.4
End-column conductimetric electropherogram for 6 x 10° MLi*, Na*, K*
Conditions are the same as described in Table 3.2
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run 4

run s
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|
Sp—

10 25 40 5.5
Time (min.)
Figure 3.4 (continued)

End-column conductimetric electropherogram for 6 x 10 M Li*, Na*, K*
Conditions are the same as described in Table 3.2
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Figure 3.4 (continued)

End-column conductimetric electropherogram for 6 x 10° M Li*, Na*, K*
Conditions are the same as described in Table 3.2
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Table 3.2 Precision of peak height and retention time for 6 x 10° M Li*, Na* and K*

No. 1
No. 2
No.3
No.4
No. 5
No.6
No.7
No.8
No.9
No. 10
Average
STD
RSD

11.3
11.3
11.0
11.2
11.3
11.5
11.5
12.0
11.2
11.3
11.4
0.27

24%

Peak height ( mm )

Na*

17.7
17.9
18.0
18.1
183
18.4
183
18.6
183
18.7
18.2
0.31
1.7%

3

9
(=]

32.

to
[£9]

317
320
324
31.5
31.0
320
322
322
319
0.42
13 %

Retention ume ( second )

Li*

241
241
241
239
239
239
239
239
239
238
240
1.1
0.46 %

STD: standard deviation; RSD: relative standard deviation.
Buffer: 20 mM MES / histidine, pH = 6.15; electrophoretic voltage: 10 kV;
injection voltage: 1 kV for 10 second; electrophoretic current: 2.4 uA;

capillary: 40 cm long x 52 ym i.d. x 360 m o.d.; sinewave amplitude: 0.6 V;

potential drop on sensing electrode: 1.037 V;

+
Na

204
204
203
202
203
203

K+

157
156
154
156
156
154
155
154
155
155

0.77 %



3.6 Separation efficiency

The separation efficiency was investigated with 5 x 10°°M LiCl, NaCl, KCl and
RbCL. In order to achieve an accurate measurement of peak width, the paper speed of the
strip chart recorder was increased to 5 inch / min. However, the real paper speed was
measured from the retention time of Rb* and Li* for each run. A stop watch was used to
record the retention of each cation. The injected volume of each cationic component was
calculated according to equation (1.9). The total volume of the separation capillary (40
cm long x 52 ym i.d. x 360 ym o.d.) was calculated to be 849 nl. The number of
theoretical plates was calculated according to equation (1.5). Figure 3.3 demonstrated that
the peaks became more and more asymmetric from Li* to Rb*, which means that the
column was overloaded gradually. This was evident by the decreasing number of
theoretical plates as shown in table 3.3 for Li* to Rb*. To avoid distortion of the peak
shape, the ionic strength of the sample must be much less (1%) than the ionic strength of

the separation buffer (93). Otherwise, at higher concentrations, the sample will perturb

Table3.3  Number of theoretical plates for Sx 10°M Li*, Na*, K" and Rb*

L™ Na* K Rb*
Retention time ( s ) 240 204 157 149
Baseline peak width (s ) 25 2.2 1.8 20
No. of theoretical plates 150000 140000 120000 87000
Injected volume ( nl) 0.88 1.04 1.35 1.42

Sample: 5x 10°°M Li*, Na*, K* and Rb*; Buffer: 20 mM MES / histidine, pH = 6.15;
electrophoretic voliage: 10 kV; injection voltage: 0.5 kV for 5 seconds; current: 2.4 uA;
sinewave amplitude: 0.6 V; potential drop on sensing electrode: 1.037 V;

capillary: 40 cm long x 52 um i.d. x 360 ¥m o.d.
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20

Time (min.)
Figure 3.5
End-column conductimetric electropherogram for 5 x 10°° M Li*, Na*, K*, Rb* in CZE
Sample: 5 x 10° M Li*, Na*, K* and Rb*; Buffer: 20 mM MES / histidine, pH = 6.15;
electrophoretic voltage: 10 kV; injection voltage: 0.5 kV for 5 seconds; current: 2.4 uA;
capillary: 40 cm long x 52 um i.d. x 360 um o.d.; sinewave amplitude: 0.6 V;

potential drop on sensing electrode: 1.037 V;
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the local electric field, causing either peak fronting or tailing (54, 55). The number of
theoretical plates can be increased by increasing the concentration of the separation

buffer.

3.7 Calibration

A calibration curve for Li*, Na* and K* was constructed under the conditons

described in figure 3.6. Figure 3.7 is a group of electropherograms for 8 x 10°M Li*,

Na*and K*.
60
= -0.38003 + 5.4148x RA2 = 0.998 P
"é y = 5.7679%-2 + 3.0096x RA2 = 1.000
B o] Y= -OI7457+ 19394 R\2=0999
2
5 Na
b
,‘go 20 1  Li
|
Q
(oW
0
0 2 4 6 8 10

Concentration (x 0.01 mM)

Figure 3.6

Calibration curve for Li*, Na* and K in the end-colum conductivity detection in CZE
Buffer: 20 mM MES and 20 mM Histidine, pH = 6.185; electrophoretic voltage: 10 kV;
injection voltage: 1 kV for 10 s; current: 2.4 uA; sinewave amplitude: 0.6 V;

potential drop on platinum sensing electrode: 1.037 V

capillary: 40 cm long x 52 um i.d. x 360 ym o.d.;
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run 1

|

run2

Ny

1.0 25 40 5.5

Time (min.)
Figure 3.7

End-column conductimetric electropherograms for 8 x 10° M Lit, Na*, K* in CZE.
Sample: 8 x 10° M Li*, Na*, K*; Buffer: 20 mM MES / histidine, pH = 6.15;
electrophorenc voltage: 10 kV; injection voltage: 1 kV for 10 seconds; current: 2.4 HA;
potential drop on sensing electrode: 1.037 V; sinewave amplitude: 0.6 V;

capillary: 40 cm long x 52 pum i.d. x 360 um o.d.



3.8 Evaluation of the limit of detection

Figure 3.8 shows the noise fluctuation during one minute of electrophoresis when
10 kV high voltage was applied across the capillary. The sensitivity of the strip chart
recorder was set to 0.001V. The amplitude of noise was estimated to be 10 mm on the
0.001 V sensitivity scale or 0.1 mm on a 0.1 V sensitivity scale on the strip chart
recorder. The amplitude of the noise level is mainly related to the fluctuation of the
applied voltage. Sometimes this fluctuation was found to be serious during the daytime,
therefore all the experiments were done in the night time. Detection limit was calculated
using Knoll' s method (44) on 20 times peak width at one-half peak height. The results

were listed in table 3.4.

Table 3.4

Estimation of the limit of detection in the end-column conductivity detector in CZE

Injection volume ( nl ) LOD (concentration: 107 M)
Li* 3.5 7.38
Na* 4.16 4.75
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3.9 Mathsmatic model for the resistance of a non-uniform solution

The conductivity was measured between the platinum sensing electrode, located
at the middle of the 164 um deep x 55 um wide slit and the ground :lectrode. Therefore,
the conductance of the buffer inside the ground reservoir must be taken into account, as
regard to whether it affects the conductivity signal measured. In fact, it was proved
experimentally that it played no role on the conductivity signal (37). To understand why
the conductivity signal is not affected by the bulk buffer in the ground reservoir, a
mathsmatic model based on integration is established to predict the resistance of the

buffer in the 164 um deep x 55 um wide slit and the bulk buffer in the ground reservoir.

3.9.1 Resistance of the buffer inside the narrow slit
According to Ohm' s Law, the resistance for an uniform electrolytic solution can

be given by

R=p k (3.2)
where R is the resistance of the electrolytic solution, p is the resistivity of the electrolytic
solution. L is the distance between the two electrodes. A is the surface area of the
clectrodes. This equation is not valid for an electrolytic solution in a non uniform
container. The buffer in the 164 um deep x 55 um wide slit represents this situation. In
order to solve the problem, it is assumed the buffer in the slit is connected seriesly via n
layers of semi-circular buffer as shown in figure 3.8. Since the platinum sensing electrode

is only inserted into the middle of the slit, thus the width of the layer, w; , is given by

Wil Wy Ws(Ti+r)
Yi=3e t 1. (33)
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Figure 3.9

Schematic representation of the buffer inside the 164 um deep x 55 um wide slit on the
52 um id. x 360 um o.d. fused silica capillary (not draw on scale)

He

Figure 3.10

>

sensing electrode (50.8 um)

Schematic representation of the bulk buffer in the ground reservoir (not draw on scale)
Capillary: 40 cm x 52 pm i.d. x 360 um o0.d.; ground electrode: 5 cm long x 0.8 mm dia.
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where r; is the radius of the layer; Ar is the thickness of the layer; w; is the width of the
slit, 55 pm; r. is the radius of the capillary. The surface area of a random layer of buffer is

given by the function

mryv, (r+rc)

Aj=nrnw = 5T (34
The resistance is given by the formula
=~ = .
Ri pAi nrws(r+r) 3.3)

The overall resistance is given by the sum of resistance from each layer of buffer in the

slit

n Al" n 2prc Ari
= =1 =
® :‘:1 P z’l Rriws(ri+rc) (3.6)

as n - oo, R becomes a problem of definite integral from the surface of the platinum

sensing electrode to the outer surface of the capillary, thus we have

hj 2P% 4 3.7)
f'

Rrw;(r+re)

where rp, is the radius of the platinum sensing electrode, 25.4 pm. Solving this definite

integral, we have

R=ZP“f S
T Wy r(r+ry)
»
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__2p . "

=W, (Inr-In(r+r) ],

=20 (1n 180 .y, 180+360 |
55n 254 25.4 + 360

=19x 1072 pm’? P

3.9.2 Resistance of the bulk buffer in the ground reservoir

Compared with the height of the ground electrode immersed in the buffer, the
width of the slit can be assumed as a infinitely small point. The length of the slit (360
um) should not be ingored. The ground buffer is assumed to be connected seriesly via
layers of rectangular buffer from the slit to the ground electrode, as shown in figure 3.9.

The height of a random layer of buffer is given by the function

;=LiHe
Hi=3— (38)

where Les is the distance from the slit to the ground electrode, 2 mm. He is the height of
the ground electrode immersed in the ground buffer, 50 mm. The width of a random layer

of buffer is given by the function

_(de-de)Li ,, _(de-de)Li+Lade

de is the diameter of the ground platinum electrode, 0.8 mm. dcis the diameter of the

capillary, 0.360 mm.



AleixVViz LIHel(d!.'i;‘)Ll'.'LeldC] (3.10)

The resistance of a randoii: iayer of buffer is given by the function

paL; _ L% p AL;

Ri=  “CH((d-d)L+lad]

(3.11)

Following the method in 3.6.1, the total resistance from the slit to the ground electrode is

given by a definite integral
l"P
=] L dL
R f A (3.12)
Les
= Lo dL
A LHe[(de-dc)L +Lesde]
les
= Lip 1 dL
He(de-d¢) Les de
% L[L+(de'dc)]
Les
- Lzup (de-de¢) 1. 1
"H(hdo) lak | L lad 0 ®
(de-d¢)
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. 20 (In—2— -1n (0.8-0.360) %2 +2x0.360

n -
50x0360 0180 " (08.0360)x0.180 + 2 x 0.360

= 0.19mm"’ p

=19x10* p.m"p

From the results calculated, the resistance of the buffer in the slit is about 100 times that
of the bulk buffer in the ground reservoir. Therefore, the buffer in the slit dominates the
resistance. The volume of the ground buffer (25 ml) is about 30000 times the volume of
the capillary (849 nl). Thus, the eluted sample zone can not change the conductance of
the bulk buffer. These explain why the bulk buffer in the ground electrode plays no role

on the conductivity signal in our detector from theoretical point of view.
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Conclusions

In this thesis, a wafer dicing saw was found to be an ideal tool for the radial and
longitudinal dicing of small internal diameter fused-silica capil.sies. It provides not only
an excellent dicing accuracy but also a high processing efficiency for mass production.
No additional equipment was required. An easy technique for making two holes with
controllable size across the capillary was also demonstrated based on the longitudinal
dicing Jf the capillary. This was the simplest but state of the art non-laser technique to
make L sles c.a fused-silica capillary tubing.

The radial dicing of a 52 um i.d. x 360 um o.d. capillary was applied for the
construction of an end-column conductivity detector in capillary zone electrophoresis.
The end-column conductivity detector eliminated the detection problems associated with
high voltage drop along the capillary. The major priority of the end-column detection was
its simple design and easy construction with the use of wafer dicing saw. The insertion of
a 50.8 um diameter platinum sensing clectrode into the 52 um i.d. fused-silica capillary
greatly reduced the chance of air bubbles being trapped between the platinum sensing
electrode and the wall of the capillary, thus providing the dete:s.>¢ with improved stability
and reduced baseline drift.

The concentration limit of detection reached 7.4 x 10”7 M for Li*, 4.8 x 107 M for
Na®, 2.6 x 10”7 M for K*. This detection limit is comparable to literature values (30, 36,
37). The total cost of the material for the construction of the conductivity cell was less
than $20, which is much cheaper than the conductivity cell v-idely used in ion
chromayograrhy. The application of end-column conductivity detection can be extended
to the analysis of inorganic and organic ions. A commercial conductivity detector in
capillary zone electrophoresis based on the use of the wafer dicing saw is predicted to

become availchie in the near future.
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Future Work
Micro" T " and " Cross "

The wafer dicing saw has shown a tremendous advantages in the area of micro
machining. It can be used to make a micro " T " and " Cross " for micro mixing of
reagents. For example, a controllable depth of narrow slit can be cut on the centre of the
cross-section of 75 pim i.d. x 363 um o.d. capillary. If we cut a 60 pm deep x 120 um
wide slit on the centre of an array of 75 um i.d. x 363 um o.d. capillaries, then we can put
two SO um x 144 pm o.d. capillaries into the slit, under a microscope. The second 75 um
i.d. x 363 um o.d. capillary with a 60 pum deep x 120 pm wide slit on the cross-section is
aligned and pushed against the 50 um x 144 um o.d. capillary. By heating the joint of
thege four capillaries to 1300 °C, a " Cross " can be melted with good quality. A " T " can
be achieved by sealing one of the 50 um x 144 um o.d. capillaries or the 75 jim i.d. x 363
pum o.d. capillary.

Fabrication of a sensing electrode

A optically flat cross-section of micro sensing platinum electrode can be polished
following the procedures below:

(1) Place dozens of 15 mm long Pt wires side by side inside a mold and glue them
together with epoxy.

(2) After the epoxy is cured, grind and polish the platinum wire. The surface is cleaned. If
the cross-section of platinum wire is smooth when viewed under a microscope, dissolve

the epoxy with orgar.ic solvent.

Electronic circuit for conductivity detection

Currently one of the major sources of noise is from the electronic circuit for
conductivity detection. A commercially available conductivity detector in ion
chromatography may be borrowed for the conductivity detection in capillary zone

clectrophoresis.
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Appendix 1 Estimation of the Limit of Detection (from reference 44)

1g ® W),

1L
v

Detection limit is defined as the analyte concentration that produces a peak having
a height equal to three times the standard deviation of the baseline noise. The largest
noise fluctuation is measured in a chart interval that is a multiple of the analyte's peak
width at one-half peak height. Knoll expressed the limit of detection ( LOD ):

Crop = Kyop hn Cs/ hg
where Crop is the concentration limit of detection, hg / Cs is the peak height / unit
amount of analyte. hy, is the largest noise fluctuation measured in the pre-selected chart
interval. An example of a typical measurement is shown in the above figure. The Ky op is
a constant, determined for the measurement interval employed. The values of Ky op are

tabulated below:

Peak wiCth multiple Krop

10 1.9718
20 1.4309
50 : 0.9194

100 0.6536



Program for radially cutting through capillary

Program ID:
Mode:

Dimension 1:

Dimension 2:

1st index:
2st index:
Height:
Thickness:
Angle:

Cutting speed:

Cutting increment:

‘pindle:
Stop count:

Cut count:

25

10

60.000 mm
60.000 mm
5.000 mm
5.000 mm
0.076 mm
1.000 mm
90.00

0.635 mm / sec.

0.508 mm
20000.0 RPM
999

1861

78



FIGURE 2.4 DICING PROGRAM

Program ID:
Mode:
Dimension 1:
Dimension 2:
1st index:

2st index:
Height:
Thickness:
Angle:
Cutting speed:
Cutting increment:
Spindle:

Stop count:

Cut count:

25

10

30.000 mm
30.000 mm
0.200 mm
0.200 mm
0.160 mm ( = 0.076 + 0.184 - 0.100 )
1.000 mm
90.00

0.635 mm / sec.
0.508 mm
20000.0 RPM
999

1861

9



FIGURE 2.5 DICING PROGRAM

Program ID:
Mode:
Dimension 1:
Dimension 2:
1st index:

2st index:
Height:
Thickness:
Angle:
Cutting speed:
Cutting increment:
Spindle:

Stop count:

Cut count:

25

10

10.000 mm
10.000 mm
5.000 mm
5.000 mm
0.185 mm (=0.076 + 0.184 - 0.075 )
1.000 mm
90.00

0.635 mm / sec.
0.508 mm
20000.0 RPM
999

1861

80



FIGURE 2.6 DICING PROGRAM

Program ID:
Mode:

Dimension 1:

Dimension 2:

1st index:
2st index:
Height:
Thickness:
Angle:

Cutti.y speed:

Cutting incremen*:

Spindle:
Stop count:

Cut count:

25
10
20.000 mm
20.000 mm
10.000 mm
10.000 mm

0.277 mm (= 0.076 + 0.360 - 0.159 )

1.000 mm
90.00
0.635 mm / sec.
0.508 mm
20000.0 RPM
999

1861



FIGURE 2.7 DICING PROGRAM

Program ID:
Mode:
Dimension 1:
Dimension 2:
1st index:

2st index:
Height:
Thickness:
Angle:
Cutting speed:
Cutting increment:
Spindle:

Stop count:

Cut count:

22

10

10.000 mm
10.000 mm
0.150 mm
0.150 mm
0.284 mm (= 0.076 + 0.363 - 0.155)
1.000 mm
90.00

0.635 mm / sec.
0.508 mm
20000.0 RPM
999

1861



FIGURE 2.8 DICING PROGRAM

Program ID:
Mode:
Dimension 1:
Dimension 2:
Ist index:

2st index:
Height:
Thickness:
Angle:
Cutting speed:
Cutting increment:
Spindle:

Stop count:

Cut count:

22

10

10.000 mm
10.000 mm
0.150 mm
0.150 mm
20.141 mm ( =0.076 + 20.100 - 0.035 )
22.000 mm
90.00

0.635 mm / sec.
0.508 mm
20000.0 RPFM
999

1861

83



FIGURE 2.9 DICING PROGRAM

Program ID:
Mode:
Dimension 1:
Dimension 2:
Ist index:

2st index:
Height:

Thickness:

Angle:

Cutting speed:
Cutting increment:
Spindle:

Stop count:

Cut count:

22

10

10.000 mm

10.000 mm

0.150 mm

0.150 mm

20.141 (0.076 + 20.1 - 0.035)
20.151 mm ( 0.076 + 20.100 - 0.025)
20.071 mm ( 0.076 + 20.100 - 0.105)
22.000 mm

90.00

0.635 mm / sec.

0.508 mm

20000.0 RPM

999

1861



FIGURE 2.10 DICING PROGRAM
Program ID:

Mode:

Dimension 1:

Dimension 2:

1st index:

2st index:

Height:

Thickness:

Angle:

Cutting speed:
Cutting increment:
Spindle:

Stop count:

Cut count:

22

10

10.000 mm

10.000 mm

0.150 mm

0.150 mm

20.071 mm (=0.076 + 20.100 - 0.105 )
20.041 mm (= 0.076 + 20.100 - 0.135)
22.000 mm

90.00

0.635 mm / sec.

0.508 mm

20000.0 RPM

999

1861

85



Appendix 3 Blue vinyl film ( adhesive P/ N 18074 )

Blue vinyl film Adhesive P/ N 18074 is a flexible polyvinyl chloride with a
"medium" adhesion synthetic acrylic adhesive bonded to one side of the film. It is tough,
has high tear strength and elongation. This plastic is used extentsively for Wafer sawing,

Wafer scribing, Wafer expanding and die bonding.

Specifications

Color: light blue

Thickness: 76 ym

Elongation: 200 %

Adhesive: synthetic acrylic

Adhesion: 7 oz. / inch ( medium tack ) part # 18074
Core size: 3 inches L.D.

Form: Rolls 660 feet long and sheets on non-contaminating backing paper.

Semiconductor Equipment Corp.

5157 Goldman Avenue

Moorpark, CA 93020-0779

US.A.

Telephone: 805-529-2293, Fax: 805-529-2193.









