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An oscillometric detector for capillary electrophoresis
(CE) has been described. Two 2-mm silver rings sepa-
rated by 1 mm were painted over the polyimide coating
of a fused-silica capillary (75-um i.d. and 360-gm o0.d.)
and used as electrodes for oscillometric measurements.
A function generator was used to apply a sinusoidal signal
over one of the electrodes; the other one was connected
to a current-to-voltage converter. The rectified signal is
proportional to the admittance of the cell, which is a
function of the inner solution conductivity in the region
of the electrodes. Electropherograms of alkaline and
alkaline-earth cations showed good signal-to-noise ratio.
For typical electrophoretic conditions, the limit of detec-
tion for lithium was 1.5 gM, and there was good linearity
(R = 0.998 for eight data points) up to 2 mM. Indirect
conductivity detection of quaternary ammonium salts was
achieved by using potassium acetate running buffer,
showing results similar to those from conventional con-
ductometric detectors. Despite the cell length (5 mm),
good resolution was obtained in the electropherograms.
Equivalent electrical circuits were proposed for the cell.
The most simplified model comprises a resistor—capacitor
couple in parallel with another capacitor. The resistor
stands for the inner solution resistivity, the series capaci-
tor stands for the fused-silica wall dielectric properties
in the region between the electrodes and the solution, and
the parallel capacitor stands for the leakage through the
wall and edge capacitance effects.

Since the introduction of capillary electrophoresis (CE),? a
great variety of detection systems have been proposed. The
choice of the detection scheme is made by taking into account
several requirements, among them the selectivity. A more specific
detector may be used to overcome unresolved peaks. On the
other hand, a detector with low specificity may be the best choice
when there are no problems with peak separations. This second
case made the conductometric detector the most used one in ion
chromatography. However, the high electric field inside the
column and the difficulty in positioning electrodes are important
drawbacks of this detection mode for CE.
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The conductometric detectors for CE were inspired by the
devices used in chromatography and isotachophoresis. Mikkers
and co-workers used the fluctuations of the potential gradient
inside the column, which is a mode of conductometric detection.!

In early works, PTFE capillaries with sizable inner diameter
were employed, which allowed some ease in the construction and
positioning of the electrodes. However, this is not an easy task
for the current fused-silica capillaries. A CO; laser has been used
by Zare and co-workers to drill fused-silica capillaries.3* Although
small and precise holes may be obtained by this procedure, the
CO; laser is an expensive apparatus. An alternative is the end-
column configuration, in which the electrodes are positioned near
the end of the capillary.>~° Difficulties in the spatial positioning
and dead volume are possible drawbacks of this approach.

To overcome the interference of the electric field involved in
the CE, a suppressor column, similar to that of ion chromatog-
raphy, may be used.!®13 The ground electrode is placed in the
regenerate electrolyte, which eliminates the strong electric field
from that point to the end of the column, where the conductivity
detector is positioned. Suppression of the background conductiv-
ity is an additional advantage of this approach which enhances
the sensitivity. On the other hand, there is an additional
broadening of the peaks.

In this work, an oscillometric detector is presented. It
resembles old apparatuses for this kind of measurement,** but
with dimensions to fit capillary electrophoresis and with new
electronics. Basically, two ring electrodes are positioned outside
the column over a 5-mm region near the grounded end of the
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Figure 1. Oscillometric cell. (A) Plexiglas base, (B) silicone septa,
(C) fused-silica capillary, (D) silver paint ring (electrode), (E) electrode
terminal, (F) ground plane.

fused-silica capillary. A high-frequency signal is applied over the
electrodes, and the resulting current that passes through the cell
is amplified, rectified, and measured. This current is a function
of the admittance. Since the column is filled with an aqueous
solution of electrolyte, the measured admittance is a function of
the conductance in the region between the electrodes. Thus, this
detector may be intended as a contactless conductometric detec-
tor.

Chromatography and isotachophoresis have been contem-
plated with contactless detectors,'>~'” and recently Zemann and
co-workers proposed a similar scheme of detection for CE.1® The
present work describes a detector for CE which has some
advantages over this one, such as sensitivity and cell size.

EXPERIMENTAL SECTION
Cell Construction. The electrodes were made by painting

two rings of silver paint (Cerdec, Americana, Brazil) over the
polyimide coating at 2 cm from the end of a 54-cm fused-silica
capillary (75-um i.d. and 360-um o0.d.) (J & W Scientific, Folsom,
CA). Silver paint was also used to attach the wires from the
electronic circuit. A Plexiglas piece and two silicone septa hold
this region of the capillary, as shown in Figure 1. A ground plane
is inserted between the electrode to minimize capacitive leakage.
This ground plane was made of a piece of Tetra Rex package
(Tetra Pak, Monte Mor, Brazil), from a commercial package of
fruit juice, with a 0.4-mm-diameter central hole to pass the
capillary. This package material is comprised of paper, aluminum,
and polyethylene sheets with thicknesses of 0.50, 0.01, and 0.04
mm, respectively. The edge of the aluminum sheet was exposed
by heating the polyethylene film and then connected to ground
of the circuit.
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Electronic Circuit. Figure 2 shows the diagram of the
electronic circuit. A function generator FG-2002C (Goldstar,
Seoul, Korea) generates a 600-kHz 20-V,, sinusoidal signal. This
signal is applied to one of the electrodes. The other one is
connected to the input of a current-to-voltage converter. The
current-dependent voltage is rectified, and the last stage (A3)
amplifies the signal and compensates the baseline.

The best frequency of operation may be optimized, depending
on the actual dimensions of the capillary and electrodes, as well
as the quality of the electronic parts used. In this last case, the
critical component is the operational amplifier A1, which operates
at a relatively high frequency and a low input current.

CE Apparatus. A homemade CE system was used. It
consists basically of a thermostated Plexiglas case, a 0—30-kV
power supply (Glassman, Whitehouse Station, NJ), and an
interfaced 386 microcomputer. The PCL711B interface (Advan-
tech, Taipei, Taiwan) allows the microcomputer to control the
high-voltage power supply through a 12-bit digital-to-analog
converter and to monitor the current, the case temperature, and
the detector signal through a 12-bit analog-to-digital converter.
For operator safety, the capillary, buffer reservoirs, electrodes,
and detection cell were all enclosed in the Plexiglas case, which
was equipped with an interlock switch on the access door.

Solutions and Reagents. All solutions were prepared with
Nanopure deionized water, and all the chemicals were of reagent
grade and used as received. Solutions with alkaline and alkaline-
earth cations were prepared by dilution of 100 mM stock solutions
of KCI, NaCl, BaCl,, CaCl,, MgCl,, and LiCl. Tetramethylammo-
nium (TMAY), tetrabutylammonium (TBAY), and tetraethylam-
monium (TEAT) 50 mM stock solutions were prepared from their
bromide salts. Benzyltriethylammonium (TEBA*) 50 mM stock
solution was prepared from its chloride salt. For direct conductiv-
ity detection, running buffers were prepared by dilution of a 100
mM stock solution of 2-[N-morpholino]ethanesulfonic acid (MES)
and histidine (His) without pH adjustment. Indirect conductivity
detection was carried out in potassium acetate running buffer
prepared by dilution of a 100 mM stock solution and adjustment
with acetic acid to pH 5.2.

RESULTS AND DISCUSSION

Figure 3 shows an electropherogram of a 10 uM solution of
potassium, barium, calcium, sodium, magnesium, and lithium,
which migrated in this sequence, in a 10 mM MES/His running
buffer (pH 6.0). Gravity injection from 100 mm for 30 s was
performed and the detector operated at nonoptimized frequency
of 600 kHz. Due to its low mobility, lithium has the lowest
response factor among the above-cited cations. For the same
electrophoretic conditions, the estimated limit of detection for
lithium was 1.5 uM, and good linearity (R = 0.998 for eight data
points) was obtained up to 2 mM. Since the concentration of the
running buffer is 20 mM, analyte concentrations above 2 mM were
not evaluated. The limits of detection for the other cations are
1.1,1.2, 14, 1.6, and 1.2 uM for K*, Ba?*, Ca?*, Na*, and Mg?*,
respectively.

Indirect conductivity detection may also be performed, as
shown in Figure 4. As expected, due to the low mobility of the
TMA*, TEA*, TEBAT, and TBA* when compared to the potassium
from the running buffer (5 mM potassium acetate, pH 5.2),
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Figure 2. Electronic circuit. The current-to-voltage converter Al is kept in a grounded metallic case placed as near as possible to the cell. A2
and related components compose a precision rectifier. The adjustable resistors compensate the baseline before a 30x gain is applied by A3 to
the dc signal. The back-to-back zener diodes protect the A/D converter against overvoltage.
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Figure 3. Electropherogram of a 10 uM solution of potassium (1),

barium (2), calcium (3), sodium (4), magnesium (5), and lithium (6)

in a 10 mM MES/His running buffer (pH 6.0). Gravity injection from

100 mm for 30 s was performed, and the detector was operated at

600 kHz.
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Figure 4. Electropherogram of a 50 «M solution of TMA™ (2), TEA*

(3), TEBA™ (4), and TBAT (5) in a 5 mM potassium acetate running

buffer (pH 5.2). Peak 1 is a system peak. Hydrodynamic injection

from 100 mm for 30 s was performed, and the detector was operated

at 600 kHz.

negative peaks were obtained, and their magnitudes were pro-
portional to their migration times. Due to the high conductivity
of the potassium acetate running buffer, the baseline is not as
stable as that obtained for MES/His. The limits of detection for
TMAT, TEAT, TEBAT, and TBA™ were 10.4, 6.6, 5.5, and 4.2 uM,
respectively.

To explain the operation of the detector, equivalent electrical
circuits were proposed. Taking into account the components
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Figure 5. Equivalent circuits for the cell. The interior of the capillary
(A), fused-silica wall (B), polyimide coating (C), electrodes (D and
E), and ground plane (F) are considered in the models. A first model
is proposed in panel a, where ¢y, ca, ¢, rs, and r, are infinitesimal
components standing for the wall capacitance, double-layer capaci-
tance, ¢ potential, resistance of the inner surface of the capillary, and
bulk solution resistance, respectively; fyo, fso, and Ry are the
resistances of the bulk of the solution, inner surface of the capillary,
and polyimide coating between the electrodes, respectively; C 1 and
Ci, are the capacitances between each electrode and the ground
plane; and C. stands for generic leakages between the electrodes
(edge effect, for example). A simple model is proposed in panel b,
where Ry, stands for the solution resistance in the region of the
electrodes and Cy; and Cy are the capacitances due to the capillary
wall. These capacitances may be combined, resulting in the simplest
model, proposed in panel c.

proposed by Ewing and co-workers,* it is possible to suggest the
model shown in Figure 5a. In this case, a network composed of
infinitesimal-length resistors, capacitors, and batteries was used
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to represent the region enclosed by each electrode. A simplified
model may be proposed which allows one to get some insight
about the global behavior of the detector. Since there is a
capacitive barrier (fused silica) in series with the battery (the ¢
potential) and an alternate signal is used, the dc contribution of
this battery may be disregarded. The high-frequency signal
needed to reduce the impedance of the silica wall to the order of
magnitude of the bulk solution resistance certainly makes the
impedance of the double layer small when compared with the bulk
solution resistance. Thus, this component is disregarded, and the
bulk solution and superficial resistors are in parallel. The
polyimide resistance is large enough and may be ignored.
Considering that the oscillator has a low output impedance and
is connected to the electrode D, the capacitor C,; is not important.
The last approximation is to consider that the RC network may
be represented by only one resistor and one capacitor. The
capacitor C,, is in parallel with the input capacitance of the current-
to-voltage converter (~3 pF for the OPAGO6KP operational
amplifier). Thus, it causes an extra, but small, reduction of the
frequency bandwidth and may be included in the whole perfor-
mance of the circuit. The resulting circuit is shown in Figure 5b.
Figure 5c shows the final equivalent circuit, which is used in
further discussions.

Further important information to understand the detector is
the frequency response of the current-to-voltage converter, which
is the critical part of the electronic circuit. Figure 6a shows the
response of this converter in the range between 10 and 1000 kHz.
The transition frequency is determined by the operational amplifier
as well as by the other components and the layout of the printed
circuit board.

The equivalent circuit from Figure 5c¢ allows us to conclude
that, due to the capacitor C,, the baseline would be increased with
the frequency. However, due to the limited frequency bandwidth
of the current-to-voltage converter, the baseline would be de-
creased after the frequency transition. This was experimentally
observed (Figure 6b).

The equivalent circuit also shows that the impedance of the
couple Ry,Cy, would tend to the solution resistance with increasing
frequency, which is highly beneficial because the impedance of
the cell would be mainly dependent on the conductivity of the
inner solution in the region of the cell. However, again due to
the limited performance of the current-to-voltage converter, a
maximum value is obtained (Figure 6¢).

Although the aspects described above can be easily understood
through the proposed model, the signal-to-noise ratio (SNR) as a
function of the frequency cannot be straightforwardly obtained
from the simplified model. Figure 6d shows that the SNR is not
a well-behaved function of the frequency. Of course, this profile
is not only due to the conductivity of the solution but also results
from the combination with the noises due to the dielectric
properties of the fused silica wall as well as the other components
of the electronic circuit. It is important to note that the frequency
for the maximum peak area does not correspond to the maximum
SNR. At the best frequency of operation dictated by the SNR (800
kHz), the peaks have area ~26% of those at the maximum peak
area frequency. On the other hand, the SNR is ~2 times greater.
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Figure 6. Response of the detector as a function of the operating
frequency: (a) peak-to-peak voltage at the output of the current-to-
voltage converter with a resistive dummy cell (10 kQ2); (b) the same
as in (a), but with the cell and the capillary filled with 10 mM MES/
His buffer; (c) peak area of 80 uM K* in 10 mM MES/His running
buffer; (d) SNR for the peaks of (c).



Thus, the operation frequency is an important parameter, but
unfortunately the best value is not easily determined.

For the included examples, the estimated length of the sample
plug was about 10 mm, which is double the cell length (5 mm).
Despite this large cell length, when compared with other con-
ductometric detectors,® the detector has advantages such as the
electrical isolation between inner solution and detector provided
by the fused-silica wall, simplicity of construction, and robustness.
Moreover, even when working at a frequency, much higher than
those of conventional conductivity detectors, the electronic circuit
is simple and inexpensive. Although electrophoretic conditions
were not optimized, as well as the operating frequency of the
detector, good resolution and SNR were achieved, which suggests
that this detector may be useful in many applications.
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