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Abstract

A simple capillary electrophoresis system in the planar format that uses a new, hydrodynamic
injection principle is described. The system was realized with poly(dimethylsiloxane)—glass chips
and microdisk electrodes for amperometric detection. Using a double-tee injector, no precise
voltage control of the electrolyte reservoirs was needed, thus making the microchip CE system
more user-friendly. The analytical characteristics of chip-based CE-EC were evaluated using
ascorbic acid as the model analyte. The reproducibility of migration time and signal height was
expressed by relative standard deviations of 1.2% and 5.1%, respectively (1 = 5). The limit of
detection for ascorbic acid was ~5 uM at a signal-to-noise ratio of 3. Practical application
concerning the determination of physiologically relevant compounds such as noradrena-line and
L-dopa are discussed.

In recent years, there has been a significant interest in miniaturized analytical systems. The
downscale in electrophoresis results in a decrease in analysis time and a potential increase in
efficiency while the instrument becomes more compact due to integration of essential parts
onto a single substrate.1,2 Another attractive feature is the possibility of parallel analysis
using multiple separation systems residing on one chip. Capillary electrophoresis (CE) in the
planar format has been applied to a variety of analytes, e.g., DNA,3.4 neurotransmitters,5,6
explosives,7 and the bioassay of clinically relevant compounds.8 Fabrication of micro-
fluidic devices in poly(dimethylsiloxane) (PDMS) by soft lithography provides a fast,
inexpensive route to devices that can handle aqueous solutions.9 These soft lithographic
methods are based on rapid prototyping and replica molding and are easily accessible to
chemists and biologists working under benchtop conditions.

Crucial in chip-based CE is the reproducible introduction of well-defined sample zones in
the separation channel and the detection of narrow bands. While detection schemes, such as
electrochemical detection (EC) or laser-induced fluorescence (LIF), can be adapted from
conventional CE, sample introduction requires a completely new approach.

In microchip CE, injection is usually performed by electro-kinetic methods. The
introduction of a well-defined sample plug is achieved through the channel network, i.e., a
sample-guiding channel that intersects the separation channel. The first CE chips employed
a tee-injector design.10 Due to difficulties in the control of the sample plug, other injector
layouts were developed. Improved control of the sample plug can be gained by using a
cross11 or double-tee injector,12 which works well for the analysis of DNA using polymer
sieving media.3,4 For injection, an electric field is applied across the sample reservoir and
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the sample waste reservoir. The resulting analyte stream is perpendicular to the separation
channel. In the separation phase, an electric field is applied across the separation channel.
The sample plug, residing in the channel intersection, is transported toward the detector,
which is placed downstream in the separation channel. For the separation of species with a
much higher diffusion coefficient than DNA in sieving media, such as many
pharmaceuticals in aqueous buffers, permanent voltage control of all reservoirs is necessary
in order to counteract diffusion of analyte molecules into the separation channel during
electrophoresis. An injection scheme that controls the voltage during both the injection and
separation phases is known as pinched injection13—15 and is nowadays frequently applied.
To calculate the junction potential at the channel intersection, the resistance in all channels
must be known. However, for the analysis of samples with a varying matrix, this is
unfavorable because the resistance may change due to changes in the electrolyte
composition. Furthermore, sample throughput is restricted by the excessive time needed to
fill the sample channel, which is typically the same amount of time needed for separation.

A very fast injection scheme was developed in Ramsey’s group.16 Two separate streams of
liquid, which make a 90° turn at the injector cross, are established on the chip at the same
time. The mixing of both streams at their interface is prevented by continuous
electroosmotic pumping of analyte from the sample reservoir to the sample waste reservoir
and of background electrolyte from the run buffer reservoir to the point of detection.
Injection of a small aliquot of analyte is accomplished by floating the potential at the sample
reservoir and sample waste reservoirs for a short period of time, typically 0.1-0.5 s. Unlike
in pinched injection, virtually no time is needed for the analyte to migrate from the sample
reservoir to the injector. However, gated injection depends on fluidic behavior that cannot
always be precisely controlled when complex samples of unknown origin are injected, and it
is biased by the migration rate of the analyte molecules.

Manz’s group found that leakage in microchip CE is substantially reduced when the layout
of the chip consists of narrow sample channels. Resolution, column efficiency, and
sensitivity were significantly improved without voltage control. Even the use of tee injectors
was possible, thereby reducing the number of liquid reservoirs.17

Detection in CE requires fast and sensitive detectors with minimal dead volume. UV
detection, which is standard in commercial CE apparatus, cannot be applied to chip CE
because of its lack of sensitivity. Among the detection schemes that have been successfully
combined with conventional CE, EC appears to be particularly suitable for CE in the planar
format for five reasons: (i) Amperometric electrodes can be easily miniaturized without
compromising detection limits, (ii) the small dimensions of microelectrodes allow for the
construction of detectors with minimal dead volume, (iii) amperometric electrodes have a
very short response time, (iv) preparation methods of the working electrode are compatible
with planar technology, and, last, (v) the signal from an electrode does not need to be
converted into another physical parameter for electronic registration. To fully exploit the
potential of EC, effects of the high-voltage field on the detection circuit must be effectively
minimized. This can be done by a decoupler that connects the separation voltage to ground
before the channel outlet. In this approach, the working electrode (in conventional CE
typically a carbon fiber) is usually inserted into the separation capillary, forming a detector
cell with good collection efficiency.18,19 In end-column detection, the working electrode,
e.g., a microdisk electrode, is placed just outside the channel outlet.20 Therefore, only a
minor effect of the separation voltage on the detection system is encountered. A good signal-
to-noise ratio is obtained by the unique characteristics of hydrodynamic microelectrodes
employed in wall-jet detector configuration.21 Since this approach circumvents the need for
a special decoupler device, therefore making the chip easier to manufacture, it has been
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favored by many groups for CE-EC in the chip format and applied to a variety of analytes.
5,6,8,22-25

In this paper, we present a simple chip CE system that employs a novel injection protocol
and an electrochemical detector. The injection procedure is fast and reproducible and does
not require precise voltage control of electrolyte reservoirs. Metal and carbon microdisk
electrodes were used for amperometric detection, realizing absolute detection limits in the
(sub)femtomole range.

EXPERIMENTAL SECTION
Chip Design and Fabrication

The layout of the CE chip with a forklike arrangement of the channels is schematically
shown in Figure 1. The equally long side channels connect the run buffer reservoir (RB) and
the sample waste reservoir (SW) with the injector intersection. The shorter channel, which
has a much lower flow resistance because of its length, serves as connection to the sample
reservoir. The channel depth of 10 um was uniform for the whole chip. This low channel
depth and the long side channels were selected in order to minimize hydrodynamic flow
induced by differences in the levels of the electrolyte in the reservoirs.13,17

The method used to create channels in PDMS is based on procedures published in the
literature.25-27 It involves three steps: first, the chip layout was created with a computer
design program (Freehand, PC version 8.0, Macromedia, Inc., San Francisco, CA).
Photomasks were exposed and developed at Lasergraphics Inc. (Lawrence, KS) at a
resolution of 2400 dpi. In the second step, a master for PDMS molding was prepared. A 4 -
in. silicon wafer was first thoroughly cleaned and then coated with SU-8 50 negative
photoresist using a spin coater (Brewer Science, Rolla, MO). After a preexposure bake, the
wafer was exposed to light through the photomask using a near-UV flood source (Autoflood
1000, Optical Associates, Milpitas, CA). Following a postexposure bake, the wafer was
developed in propylene glycol methyl ether acetate. The thickness of the resulting raised
structures was measured with a profilometer (Alpha Step-100, Tencor Instruments,
Mountain View, CA), and a uniform height of 12 yum of the microstructure was determined
throughout the chip. In the third step, a 10:1 mixture of PDMS oligomer and cross-linking
agent (Sylgard 184), which had been degassed under vacuum, was poured onto the master.
After curing at 70 °C for 1 h, the PDMS was removed from the mold. Holes with a diameter
of 3.5 mm for the detector reservoir and with a diameter of 4.7 mm for the other three
reservoirs were created with a hole punch. Finally the chip was sealed with a microscope
slide and trimmed to size with a scalpel.

Chip Operation

Injection and Separation—All solutions introduced into the reservoirs were filtered
through a 0.45-um membrane filter. The channel network of the microchip was filled by
alternately applying vacuum and pressure. First, the wells of the microchip were filled with
electrolyte (20 pL of run buffer in the run buffer reservoir and the sample waste reservoir,
25 uL of sample in the sample reservoir, and 35 uL of run buffer in the detector reservoir).
Then a 2.5-mL disposable syringe was pressed against the PDMS chip, thereby forming an
airtight seal. By gently moving the plunger of the syringe up and down, the channels were
flushed with run buffer for ~1 min and afterward equilibrated for 10 min under
electrophoretic conditions.

Capillary zone electrophoresis was carried out in uncoated channels. Three different types of
high-voltage power supplies were used (Spellman CZE 1000R, Spellman High Voltage
Electronics, Hauppauge, NY; F.u.G. model HCN 7E-35000, F.u.G. Elektronik, Rosenheim-
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Langenpfunzen, Germany, and two in-house-constructed power supplies (one unipolar, one
bipolar, maximum voltage, 2000 V) with a circuitry based on a miniaturized high-voltage
converter purchased from EMCO (EMCO, Sutter Creek, CA). Platinum wires with a length
of 6 mm placed in each buffer reservoir served as electrodes for electrophoresis. Virtually no
bubble formation was observed at the electrodes due to the low conductivity of the borate
buffer used (10 mM; pH, 9.05). In the separation phase, one power supply was connected to
the run buffer well and to the detector well with the detector always at ground potential
while the second power supply was connected to the sample well and sample waste well.
Electrophoretic currents were continuously monitored by measuring the voltage drop across
a 10-kQ resistor directly attached to the high-voltage source. Simple digital meters were
sufficient for registering readings in the millivolt range. Injection was carried out by
switching off both high-voltage power supplies for a short period of time (210 s).
Immediately after turning off the high voltage, the injector region, including a fraction of the
side channel to the run buffer reservoir and a fraction of the separation channel, was filled
with sample solution due to the hydrodynamic flow created by the higher electrolyte level in
the sample reservoir and the short length of the channel connecting the sample reservoir to
the injector. The injection process was completed, and the separation was started by
synchronously turning on both high-voltage sources.

A video sequence of the injection process was recorded using a microscope (Axiolab A, Carl
Zeiss, Thorngood, NY) equipped with a 50-W HBO Hg arc lamp assembly with fluorescein
line filters for fluorescence measurements and a Microimage video system (Microimage
video system A209 color video camera with CCU 209 camera control unit, Microimage
Video Systems, Boyertown, PA). The hardware and software for capturing the video signal
was purchased from Scion Corp. (Frederick, MD).

Electrochemical Detection—The arrangement of the working electrode used in this
study is schematically shown in Figure 2. The voltammetric cell comprises a total of three
electrodes for the detection and grounding of the separation circuit.

Amperometric detection was performed in the three-electrode format using either a LC-4CE
potentiostat (Bioanalytical Systems, West Lafayette, IN) or a voltammetric analyzer model
Autolab (Eco Chemie, Utrecht, The Netherlands) equipped with a low-current amplifier
module (ECD). The working electrodes used in this study were microdisk electrodes
prepared from fine metal wires (25 um) and carbon fiber (30 pum). The electrode material
was sealed into a glass tube with a prepulled conical tip (tip diameter, 0.5 mm). The working
electrode was positioned at the orifice of the separation channel by means of a
micropositioner (Newport). The electrochemical cell was completed by a quasi reference
electrode (a coil with a diameter of 3 mm made from silver wire) and a piece of platinum
wire (0.5 mm; 6 mm long) serving as the auxiliary electrode as well as the ground electrode
for the separation voltage.

Reagents and Materials

The following chemicals and materials were used as received: SU-8 50 photoresist
(MicroChem Corp., Newton, MA), propylene glycol methyl ether acetate (Aldrich), 4-in.
silicon wafers (test grade, Silicon Inc., Boise, ID), Sylgard 184 (Fisher Scientific), float
glass (Kennedy Glass, Lawrence, KS), wire for the construction of electrodes (Good-fellow,
Cambridge, U.K.), carbon fiber (Avco Specialty Materials, Lowell, MA), and microscope
slides (Fisher Scientific). Boric acid, fluorescein, potassium dichromate, and sodium
chloride were obtained from Fisher Scientific. The organic model analytes noradrenaline, L-
dopa, and ascorbic acid were purchased from Sigma.
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Figure 3 shows a sequence of three photographs of the double-tee injector taken during the
injection procedure. In Figure 3a, an injection potential of 1 kV is applied across the sample
and the sample waste well and a second power supply is used to apply a separation potential
across the run buffer well and the detector well. The two resulting streams of electrolyte are
spatially well-confined by a sharp boundary at the 90° turn from the sample channel into the
sample waste channel, while the double-tee region is filled with run buffer. As soon as the
two separate high-voltage sources are turned off, the injector is loaded with sample (Figure
3b). A slightly higher level in the sample well in combination with a shorter length of the
sample channel to the double tee creates a hydrodynamic pressure big enough to propel
sample solution in the sidearm toward the run buffer well as well as into the separation
channel. The sidearm is filled with slightly more sample than the separation channel due to a
higher back pressure from the detector reservoir. When the two high-voltage power supplies
are turned on again, a defined sample plug is introduced into the separation channel and the
sample solution is pulled out of the short double-tee segment into the sample waste well
(Figure 3c). The applied voltages during each step are listed in Table 1.

The injection/separation protocol described above works for the analysis of cations and
slowly migrating anions. However, for small and highly charged anions, the separation
voltage has to be reversed. Additionally, for electrochemical detection, it must be taken into
account that the electrode in the detector cell must constantly be maintained at ground
potential. To minimize the number of high-voltage power supplies used, a negative source
was connected to the separation channel with the anode at ground potential and a positive
source was connected to the injection channel with the cathode inserted into the sample well.
Using this injection methodology, chloride and dichromate could be reproducibly injected
and baseline-resolved peaks (4yig C17, 5185 fyig Cr,07%~, 62 s) amperometrically detected
by means of a Ag-microdisk electrode set at 0.05 V versus Ag-quasi reference electrode.

The ratio of the voltage across the separation channel to that across the injection channel and
the injection time were studied in detail using the previously described injection protocol.

Ratio of the Voltage across the Separation Channel to the Injection Channel—
To prevent leakage of sample into the separation channel, the ratio of the voltages across the
separation channel and injection channel was varied. As can be seen from Figure 4, an
increased background current was registered for voltages higher than 700 V applied to the
injection channel (1 kV was applied across the separation channel). Obviously, at this
voltage, sample solution begins to leak into the separation channel. Further increase of the
injection voltage leads to more severe leakage, and sample solution almost completely broke
through at a voltage above 800 V. The injection voltage also affects the peak height. To
perform chip analysis at optimal sensitivity and to prevent leakage, injections were
performed at 500 V.

Injection Time—In hydrodynamic injection, the amount of sample introduced into the
separation channel depends linearly on the injection time. Figure 5 illustrates that the height
of amperometrically recorded peaks correlates linearly with the injection volume.
Interestingly, a 5-fold increase of the injected volume resulted in an increase in peak width
of less than 20%.

Dispersion—Dispersion in the separation channel is often caused by phenomena such as

different conductivity of the sample plug and the background electrolyte, interaction of the
analyte molecules with the material of the separation channel, pressure effects,28 and
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excessive Joule heat. An Ohm’s plot recorded for voltages ranging from 700 (1gy, 1.8 1A)
to 2000 V (igy, 4.8 pA) using a 10 mM borate buffer (pH 9.05) was strictly linear (r=
0.9992, n=12). Therefore, dispersion caused by thermal effects can be discounted. A simple
way to examine dispersion is to inject a fluorescent dye and to monitor the transport using a
microscope. A solution of fluorescein (~20 M) in 10 mM borate buffer (pH 9.05) injected
for 7 s resulted in a sample plug of 360-um length. When the high-voltage power supplies
were switched on, the sample plug was transported toward the detector and immediately
appreciable dispersion set in. After 0.23 s, the length of the sample zone was 532 pm, and
after 0.87 s, it was 630 um. The rate of dispersion decreased with time. However, after 14.5
s, the sample plug was already 2.9 times longer than immediately after injection.
Interactions between the chip material and the fluorescein might be a possible explanation
for dispersion.13 Effects caused by the high voltage applied across the injection channel are
less likely as the electropherograms in Figure 4 indicate. Pressure-driven effects may also
play a significant role. It was observed that slight differences in the levels in the buffer and
sample wells can cause a significant flow which appears to be a particular problem in chip
CE.27 However, the CE chip performed reproducibly (see analytical characterization) over a
period of more than 20 min, although some water evaporated from the wells, changing the
liquid level.

Electrochemical Detection in CE in the Chip Format

Detector Arrangement—The arrangement of the working electrode at the orifice of the
separation channel is shown in Figure 2. This configuration was chosen because it allows for
the placement of the electrode close to the channel outlet, thereby minimizing the dead
volume of the detector, and at the same time, such placement allows easy monitoring of the
position of the microdisk electrode by means of a microscope. Furthermore, in this way, the
well at the channel outlet can be used as a detector cell, thereby circumventing the need for
the construction of sophisticatedly sealed reservoirs.

Effect of the Separation Voltage—When amperometric detection principles are applied
to capillary electrophoresis, special attention has to be paid to proper decoupling of the
detection circuit from the separation field. To keep the CE setup simple and to avoid
potential sources of band broadening, an end-column detection strategy was preferred over
the use of a decoupler.

The shift of the potential applied to the working electrode (25-um Pt microdisk electrode) in
the presence of the separation field was determined by cyclic voltammetry. A shift of 120
mV was measured when the separation voltage was set at 1 kV. Consequently, this voltage
was added to the potential, which was adjusted at the potentiostat.

Noise—Low detection limits require a low noise level, which is related to the strategy used
to separate the separation voltage from the detector. A microdisk electrode made from
carbon fiber was used for the determination of the noise level because this electrode material
is commonly employed for the detection of organic compounds in aqueous electrolytes in
the oxidative mode. The peak-to-peak noise was typically below 1 pA when the separation
voltage was set at 1 kV. A slightly higher noise level on the order of 1 pA was registered
when a miniaturized high-voltage converter with a ripple of 0.25% generated the separation
field. These results compare well with data obtained in conventional CE-EC.21

Characterization of the Analytical Performance—Ascorbic acid was used as the
model compound for the characterization of the analytical performance of the chip CE-EC
system. An injection of ascorbic acid with a concentration close to the detection limit is
shown in Figure 6. The positive “spike” with a width of 5 s at the beginning of the
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electropherogram is due to the injection process. During this period of time, the working
electrode experienced a potential 120 mV higher than the potential adjusted at the
potentiostat because the high voltage was turned off. However, the baseline returned to its
original current immediately after the separation voltage was turned on again. The calculated
limit of detection is ~5 uM at a signal-to-noise ratio of 3. The absolute detection limit is
estimated to be less than 375 fg. This is more than 1 order of magnitude higher when
compared to conventional CE-EC.29 The calculated number of theoretical plates was 1300.
Note that the sample was dissolved in 3.3 mM borate buffer, whereas the concentration of
the background borate buffer was 10 mM. The reproducibility of the migration time was
1.2%, and the reproducibility of the peak height was 5.1% when five consecutive injections
of 2 mM ascorbic acid dissolved in 10 mM borate buffer were performed. The small
variations in peak height also reflect the good stability of the detection electrode. To
maintain a reproducible performance, the sample and buffer solutions in the reservoirs had
to be renewed after a period of operation of ~15 min.

Fast Separation of Physiological Compounds—The separation of three biologically
important compounds is shown in Figure 7. In the separation buffer used, noradrenaline is
cationic, L-dopa is neutral, and ascorbic acid is anionic. All three are well resolved. From
the short analysis time of 4 min (separation time of only 200 s), arise two advantages: first,
noradrenaline, which is sensitive to oxidation by dissolved oxygen, does not significantly
decompose during the course of analysis, and second, the time resolution of quasi-
continuously monitored biological processes can be improved. Furthermore, the three
consecutively recorded electropherograms displayed in Figure 7 illustrate that deactivation
of the electrode and baseline drift are not issues due to the short electrophoretic run time.

CONCLUDING REMARKS

Injection and detection in chip-based CE have been addressed in this work. Hydrodynamic
injection has been introduced to an electrophoresis system in the chip format. It is applicable
to cations, neutral compounds, and anions. In comparison to already established injection
protocols, hydrodynamic injection is attractive because it circumvents the need for precise
voltage control and is fast, instrumentally easy to implement, and not biased by the
migrational behavior of the analyte molecule. A further advantage of hydrodynamic
injection for detection schemes such as electrochemical detection is that the detector can
always be maintained at ground potential.

Electrochemical detection with microelectrodes has been demonstrated to be easily
adaptable to chip-based CE. Low absolute detection limits in the femtogram range were
realized, and a good stability of the sensing electrode was observed.
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Schematic layout of the CE microchip. All channels have a uniform depth and width
throughout the chip of 12 and 30 um, respectively: D, detector; B, run buffer reservoir; S,
sample reservoir; SW, sample waste reservoir; HV{ and HV,_high-voltage sources.
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2

Figure2.

Schematic representation of the electrophoresis chip with the working electrode: (1) PDMS
layer; (2) glass substrate (microscope slide); (3) separation channel (12 um deep, 30 um
wide); (4) working electrode (25-um Pt microdisk electrode, tilted by 15°) with a tip
diameter of ~400 um. The Pt disk is placed 200 um away from the orifice of the separation
channel. The quasi-reference electrode (5) and the counter electrode (6) are located in the
circular detector reservoir (7).
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SW (HV,)

Figure 3.

Fluorescence micrographs of the injection process. (a) The high-voltage sources HV| and
HV; are switched on. Analyte is transported from the sample reservoir (S) to the sample
waste reservoir (SW) and run buffer from the reservoir (B) to the detector (D). (b) For
injection, both high-voltage power supplies are switched off for ~3 s. (c) The sample plug is
introduced into the separation channel by synchronically switching on the high-voltage
sources and at the same time the two separate streams of electrolyte are reestablished.
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Figure4.

Effect of the voltage in the sample channel. The arrows indicate when a new voltage HV,
was adjusted. The spikes are due to the injection process. Experimental conditions: analyte,
1 mM ascorbic acid; background electrolyte, 10 mM boric acid; HV| set at 1 kV; detection,
carbon microdisk electrode set at 750 mV vs Ag-quasi reference electrode; injection time,
10 s.
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= Electrochemical detection of ascorbic acid at a concentration close to the detection limit.
o Experimental conditions: analyte, 12 M ascorbic acid dissolved in 3.3 mM boric acid;
E background electrolyte, 10 mM boric acid; injection time, 5 s. Electrochemical detection:
a working electrode, 30 pzm carbon microdisk electrode; detection potential, 750 mV vs Ag-
%‘ quasi reference electrode.
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(1)

Figure7.

Microchip electrophoretic separation and electrochemical detection of physiologically
relevant compounds: (1) 1.0 x 10~ 4 M noradrenaline, (2) 1.0 x 10-4 M L-dopa, and (3) 2.5
x 10~ 4 M ascorbic acid. Separation conditions: 10 mM boric acid, pH, 9.1; injection time,
10 s; high voltages, set at 1 (HV{) and 0.5 kV (HV3).
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Table 1

High-Voltage Connections during Separation and Injections Steps Shown in Figure 3

Figure3 modeof operation HV; (1.2kV) HV, (1kV)
a separation anode connected to B ground connected to D anode connected to S cathode connected to SW
b injection turned off for 4,; =3 s turned off for ;=3 s
c separation anode connected to B ground connected to D anode connected to S cathode connected to SW
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