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Abstract

This work presents a novel electrophoretic microchip design which is capable of directly coupling with flow-through
analyzers for uninterrupted sampling. In this device, a 3 mm wide sampling channel (SC) was etched on quartz substrate to
create the sample inlet and outlet and the 75 wm wide electrophoretic channels were also fabricated on the same substrate.
Pressure was used to drive the sample flow through the external tube into the SC and the flow was then split into outlet and
electrophoretic channels. A gating voltage was applied to the electrophoretic channel to control the sample loading for
subsequent separations and inhibit the sample leakage. The minimum gating voltage required to inhibit the sample leakage
depended on the solution buffer and increased with the hydrodynamic flow-rate. A fluorescent dye mixture containing
Rhodamine B and Cy3 was introduced into the sample stream at either a continuous or discrete mode via an on-line injection
valve and then separated and detected on the microchip using laser-induced fluorescence. For both modes, the relative
standard deviation of migration time and peak intensity for consecutive injections was determined to be below 0.6 and 8%,
respectively. Because the SC was kept floating, the external sampling eguipment requires no electric connection. Therefore,
such an electrophoresis-based microchip can be directly coupled with any pressure-driven flow analyzers without hardware
modifications. To our best knowledge, this is something currently impossible for reported electrophoretic microchip designs.
0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Among various microfluidic chip methods, an
electrically driven chip that does not involve compli-
cated microfabrication of pumps and valves has been
found to be the most practical means to be im-
plemented [1]. Capillary electrophoresis (CE) on
microchips is an electrically-driven separation tech-
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nique that is leading the next revolution in chemical
analysis [1-7]. These chips allow the separation
speed to reach a new milestone since the compact
device configuration and, moreover, their planar
structure makes it easier to achieve integrated analy-
sis as a micro total analysis system (uTAS) or
|aboratory-on-a-chip.

The most common miniaturized electrophoretic
chips contain two cross channels and four reservoirs
for sample, sample waste, separation buffer and
buffer waste. Repetitive injections can be performed
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simply by voltage switching among four reservoirs
[8,9]. This cross configuration alows a sample
injection system to be integrated with the separation
channel on a planar chip device [10]. Two major
drawbacks of conventiona CE are that the sample
introduction method of exchanging sample and buf-
fer reservoirs is time consuming and lacks precision.
Moreover, with an electrokinetic injection scheme,
ions with greater mobilities are disproportionately
introduced in larger quantities. In the microfabricated
device, sample loading and injection is controlled by
voltage switching without physical disconnections.
Furthermore, with the pinched mode loading, the
volume of the sample plug can be closely controlled
and is time independent, enabling the injection of a
constant volume without electrophoretic mobility
based bias [10]. However, the current chip design
does not alow different samples to be continually
introduced. A series of samples is normally intro-
duced by mechanical pipettors [8-10], capillary
forces [11], or electro-pipettors [12], and are accom-
panied by sequentially removing the fluid from the
substrate and replacing it with another fluid. Al-
though these procedures may be facilitated by
robotic systems, the sampling rate is rather limited
and cannot be linked with many flow-through
analyzers [13—15]. Ramsey [16] demonstrated a new
microchip functional element which is capable of
electrokinetically inducing a pressure differential
along the length of a channel for hydraulic pumping.
This design alows both hydrodynamic and electro-
phoretic pressure domains on the same chip and is
potentially useful for sampling. In a recent report,
Attiya et a. [17] presented a chip design which
alows the introduction of a continuous sample into
an electrophoretic microchip without perturbing the
liquids within the microfabricated device. This inter-
face appears useful for many flow-based analyses.
However, this interface requires connections for
electrical grounding on the external part to create an
electrical field across the external part and sampling
channels on the microchip, which is infeasible for
some equipments such as microdialysis. Moreover,
according to our experience, such electrical con-
nections tend to create an unstable flow in sampling
channel and impair sampling, partly owing to the
formation of air bubbles. On the other hand, the flow
leakage problem accompanied with flow-through

sampling, which may cause substantial cross con-
taminations, remains unsolved [17].

A novel microchip design for directly coupling
electrophoretic  microchips  with  flow-through
analyzers without hardware modifications is demon-
strated herein by analyzing a known compound
mixture in both the continuous and discrete modes,
which are conventionally used in a microdialysis
probe and auto-sampling machine for high-perform-
ance liquid chromatography (HPLC), respectively.
The leakage problem is reduced by applying pinch-
ing voltages in the electrophoretic manifold and is
theoretically characterized.

2. Experimental
2.1. Chemicals and reagents

Sodium tetraborate decahydrate was purchased
from Showa (Tokyo, Japan). Sodium carbonate and
Rhodamin B were obtained from Fluka (Buchs,
Switzerland), and the fluorescence dye, Cy3, was
purchased from Amersham Pharmacia Biotech (Asia
Pacific, Hong Kong, Ching). All reagents were of the
highest grade available. Finally, the CE water was
deionized—distilled water filtered through a Barn-
stead E-pure system, and had a resistance of over
18.0 MQ/cm.

2.2. Microchip and instrumentation

The device configuration is depicted in Fig. 1. The
3 mm wide channel (between A and B) was the
sampling channel (SC), while the remaining chan-
nels have a width of 80 wm, and where all channels
have a depth of 40 pm. The microchip was fabri-
cated on a quartz substrate using standard photo-
lithography techniques in a microsystem laboratory
at National Cheng Kung University. Before bonding,
six through holes (A—F) with a diameter of 1.5 mm
were mechanically drilled on the cover plate. Holes
C-F were used as reservoirs while holes A and B
were used as sample inlets and outlets. The
schematic diagram of the instrumental set-up is
displayed in Fig. 2. For the continuous mode, holes
A and B were glued to a PTFE tubing (250 pwm
1.D.X1/16 in. O.D.; 1 in.=2.54 cm) and a syringe
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Fig. 1. Channel configuration of the microchip. Holes A—F were drilled on the cover plate, A and B were glued to a PTFE tubing for
transporting hydrodynamic flow, and holes C—F were used as buffer reservoirs. See text descriptions.
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Fig. 2. Schematic diagram of the microchip’s detection and power supply systems. Dashed lines denotes the light path, the bold line
represents PTFE tubing, and the normal line indicates electrical connections.
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pump (Series 74900, Cole Parmer, Vernon Hills, IL,
USA) was used to drive the flow through the tubing
into A and then from the outlet B to a waste vial.
Although some dead volume could exist in the PTFE
fitting on the chip, this will not influence the
separation efficiency since the dead volume exists
before the sample injection. For the discrete mode, a
60-nl injection valve (Valco Instruments, Houston,
TX, USA) was placed in series between the micro-
chip and the syringe pump (Fig. 2) and a PTFE
tubing (125 pm 1.D.X1/16 in. O.D.) smaller than
that used in the continuous mode was utilized for
hydrodynamic flow transport to minimize the dilu-
tion effect. Three platinum electrodes were inserted
into reservoirs D, E, and F (Fig. 2), respectively. A
high-voltage power supply (Series 230, Bertan High
Voltage, Hicksville, NY, USA) was employed to
furnish the loading and separation voltages and the
power switching was controlled by a program written
with LabVIEW (Nationa Instruments, Austin, TX,
USA) running on a Pentium 75 MHz computer.
Signals were detected on-microchip via fluorescence
detection, with the detection system being con-
structed by modifying a commercia reflection micro-
scope (Model BX40, Olympus, Tokyo, Japan) [8].
Briefly, a mercury lamp was focused on the mi-
crochannel at specified positions using a 50X (NA=
0.5) long working distance objective. Fluorescence
was collected by the same objective lens and passed
through a dichroic cube with a band-pass filter,
followed by spatia filtering and finally detected by a
photomultiplier tube (PMT) operated a8 —650 V
(R928, Hamamatsu, Tokyo, Japan) or a charged-
coupled device (CCD) camera depending on the
experimental need. Amplified photoelectron signals
were converted to the digital signal and processed by
a computer using a commercia interface (Model
9524, SISC, Taipei, Taiwan) running on the same
computer as for voltage switching.

2.3 \oltage switching scheme

Fig. 3 illustrates the voltage switching scheme for
the sample introduction. First, a high positive voltage
which was regarded as the gating voltage was
applied to reservoir E, while reservoirs D and F were
grounded (Fig. 3A and B). Under this voltage
scheme, the inlet flow was split in the first manifold

and then pinched to reservoir D through the second
manifold. For sample loading (Fig. 3C), reservoirs
D, E, and F were set to float for a specified period
which determined the quantity of the sample to be
analyzed in the separation channel. For sample
separation (Fig. 3D), reservoirs D and F were
immediately grounded and the positive high voltage
which was regarded as the separation voltage was
applied to reservoir E to initiate sample separation.
According to this voltage-gating scheme, reservoir C
seems unnecessary since no electrode or voltage is
applied to it. However, the presence of reservoir C is
helpful for vacuum cleaning and for normal sepa-
ration when only the simple cross portion of the chip
is used.

3. Results and discussion

The proposed sample flow during voltage-gated
loading and separation can be experimentally verified
from the CCD images taken near the cross region
during sampling (Fig. 4). As a pinching voltage was
applied to reservoir E (Fig. 3B), the sample flow was
directed to reservoir D (Fig. 4A). In the next
moment, when all electrodes were set to float for a
specified period of loading time (Fig. 3C), a certain
quantity of sample flowed into the channels (Fig.
4B). Subsequently, as the separation voltage was
applied to reservoir E and reservoirs D and F were
grounded (Fig. 3D), a sample plug was loaded (Fig.
4C) and migrated (Fig. 4D) along the separation
channel. This loading method also compensated for
electrophoretic bias since the electrophoresing ma-
terials entered the separation channel by pressure-
driven flow rather than electrophoretic forces. Under
this voltage scheme, the SC was kept floating
throughout the whole process during which the
gating or separation voltage was applied to other
channels. For unknown reasons, this voltage scheme
was found to provide a stable flow in the SC for a
longer period of time compared to other schemes in
which a high voltage was applied to reservoirs A or
C. When a gating voltage was applied between A and
D or C and D, the electrical current is unstable and
air bubbles were frequently formed in SC channel.
These have made the sampling become impossible,
possibly due to unequal channel diameters between
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Fig. 3. Voltage switching scheme for sample introduction. See text descriptions. The high voltage values and the running buffers are

indicated with each electropherogram.

SC and the electrophoretic channel and thus different
flow resistance. This scheme allowed reproducible
samplings for over 20 min. If the increased liquids in
reservoirs D and F can be removed and reservoir E
can be refilled, the sampling time will increase.
Moreover, the flow bias caused by capillary forces
due to unbalanced liquid levels in reservoirs can also
be minimized [18].

3.1. Critical gating voltage
As mentioned earlier, the sampling microdevice is

based on hydrodynamic sample splitting followed by
voltage-gated injection. The SC not only forms an

open loop for flow-through analysis, but aso pro-
vides the device with two functions. First, the sample
stream was split in the microchip such that the
injection volume can be reduced to the nl range, thus
achieving an efficient separation through capillary
electrophoresis, of course, the quantity of the waste
increases with the split ratio. Second, the hydro-
dynamic volume flow-rate in the split channel can be
largely reduced, thus allowing the required gating
voltage to be lowered. During voltage-gated injec-
tion, the applied pinching voltage must be sufficient
to inhibit flow from moving to the separation chan-
nel. Otherwise, the leakage of analytes into the
separation channel will increase the background
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Fig. 4. The CCD images of the sample flow containing Rhodamine B (4-10~° M in 20 mM sodium tetraborate, pH 9.2) at a hydrodynamic
flow-rate of 5 wl/min. The A, B, C images, respectively, corresponded to B, C, D of Fig. 3. The applied pinching voltage (A) and separation
voltage (C and D) were both 1.5 kV, and the loading time with electrodes D, E, and F floating (B) was 1.5 s.
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signal. On the other hand, using a higher gating
voltage could also minimize the backflow owing to
the capillary force which arises when liquid levels on
reservoirs differ significantly [18].

To determine the required gating voltage at which
the hydrodynamic and electroosmotic forces were
balanced, both the applied gating voltage and hydro-
dynamic flow-rate were systematically varied. For
this investigation, the gating voltage was applied to
reservoir E after the loading; in other word, the
sequence step B illustrated in Fig. 3 was deleted and
the separation voltage indicated in Fig. 3D was
regarded as the gating voltage. Under this operation,
the signal first increased as the flow reached the
detection point and then decreased instantly as a

atrflet m Inlet
’@] | | L@ high voltage
PMT

pinching was applied to reservoir E. However, a
leakage background will be detected if the gating
voltage was not sufficient to inhibit the flow. As
shown in Fig. 5, at a hydrodynamic flow-rate of 2
wl/min, atailing background developed as the gating
voltage was lowered to 0.7 kV. The CCD image
taken at a gating voltage of 0.5 kV clearly indicates
that a certain quantity of sample leaked into the
separation channel (Fig. 5). If the electroosmotic
flow-rate is equal to or exceeds the hydrodynamic
flow-rate, the signal will be suppressed to the
background level. The critical gating voltage was
thus defined as the lowest voltage at which the
leakage signal was less than three times of the noise
signal. The plots of the critical gating voltage versus

0.5KV
1ZD 12KV 1.0KV

08KV 0KV

Fluorescence Intensity (mV)
I

Fig. 5. The effect of gating voltage. In the top figure, pinching voltages of 1.2, 1.0, 0.8, 0.7, and 0.5 kV were applied to reservoir E and the
PMT was placed along the separation channel, 1.6 cm from the second cross. See Results and discussion section for detailed operation
descriptions. The bottom CCD image around the second cross (same position as in Fig. 4) was taken at a gating voltage of 0.5 kV and the

sample leakage was clearly indicated.
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Fig. 6. The effect of hydrodynamic flow-rate on the critical gating
voltage. The data were acquired with two separation buffers:
sodium tetraborate, pH 9.2 (B) and sodium carbonate, pH 11.5
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the hydrodynamic flow-rate under two buffer sys-
tems were shown in Fig. 6 and their linear regression
lines were aso indicated. Although the R® values
were below 0.99, the slope of the linear plots appears
to vary with the buffer. The parameters which effect
the critical gating voltage under a constant hydro-
dynamic flow-rate may be theoretically deduced. The
volumetric flow-rate owing to electroosmosis, v, is
related to electroosmotic mobility, u,, and the
electric field, E, as indicated in Eq. (1) [19]:

UOS = MOSES (1)

in which S denotes the cross-sectional area of the
channel and E can be expressed as the quotient of
the applied voltage, V, divided by the length of the
channel, L:

Dos = Hos(V/IL)S = KV &)

In Eq. (2), K is equal to u,S/L. At a critical
gating voltage, the volumetric flow-rate due to
electroosmosis, v, and the volumetric flow-rate due
to hydrodynamic force (pressure gradient), F, should
be balanced:

F =0, =KV (3)
V=F/K (4)

Eq. (4) displays that F is linearly related to V as
long as the slope, 1/K, is a constant. The value, K, is
dependent on the channel geometry (LS) and u,.
Meanwhile, electroosmotic mobility, u,., iS propor-

tional to the surface charge density (o*), the double
layer thickness, x ', and inversely proportional to
the viscosity of the solution (n) [19]:

oo = 0%k (e, C) /7 ®)

The double layer thickness, « %, is a function of
the electrical permittivity of the solvent, ¢, and the
ionic concentration of the buffer, C,. Apparently,
some parameters such as o* and « * could have
been changed after several runs, leading to the
deviation of the linearity shown in the bottom plot of
Fig. 6. We have aso investigated the gating phenom-
ena (Fig. 5) many times and found to be consistent
except that the absolute value of critica gating
voltage for a specific flow-rate appeared to increase
gradually with the time, which could be due to the
modification of the channel wall after use as well.
Clearly, an efficient washing step before run needs to
be included in the operation sequence. Nevertheless,
the plots in Fig. 6 revea that the slope for sodium
tetraborate buffer (pH 9.2) is dightly greater than
that for sodium carbonate buffer (pH 11.5). Since the
ionic concentration of two buffer systems was equal,
this difference could be due to the smaller pH value
of sodium tetraborate butter, causing a smaller
surface charge density, o*, a smaller u., a greater
1/K and a steeper plot slope. The calculation of the
theoretical gating voltage requires accurate measure-
ments of u.., which is currently ongoing.

The capability of the microchip for continuous
sampling was demonstrated through analyzing a
known compound and a compound mixture in both
the continuous and discrete modes.

3.2, Continuous mode of sample introduction

In the continuous mode, the compound was con-
tinuously delivered to SC on the chip using a syringe
pump under an isocratic or gradient condition. This
mode resembles the sampling method used for a
microdialysis probe. As shown in Fig. 7A, under an
isocratic condition, consistent signals were detected
for consecutive injections at a sampling rate of 12 s
per injection. Meanwhile, under a step gradient
condition (Fig. 7B), the signal intensity was in-
creased with the concentration of Rhodamin B in the
hydrodynamic flow stream. In addition to sample
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Fig. 7. Consecutive injections of the continuous mode. (A) The
sample flow contained Rhodamine B (4-10™° M in 20 mM
sodium tetraborate, pH 9.2) at a hydrodynamic flow-rate of 2
wl/min. The applied gating and separation voltages were both 0.8
kv and the loading time was 1.5 s. (B) The concentration of
Rhodamine B in the sample flow was varied by mixing two
syringe pumps containing 10™° and 10™° M of Rhodamine B,
respectively. The final concentrations in the sample flow were
107% 5-107° and 10™° M for the first, second, and third series of
consecutive injections, respectively, at a hydrodynamic flow-rate
of 5 wl/min. The applied gating and separation voltages were both
1.4 kV and the loading time was 2.0 s. (C) The sample flow
contained Rhodamine B (10”° M) and Cy3 (6.5-10° M) in 20
mM sodium carbonate buffer (pH 11.5) at a hydrodynamic flow-
rate of 7 pl/min. The applied gating and separation voltages were
both 1.3 kV and the loading time was 1.0 s.

injection, the integration of sample introduction and
separation was further demonstrated by introducing a
mixture of Rhodamin B and Cy3 fluorescence dyes.
As displayed in Fig. 7C, Rhodamine B was first
eluted and Cy3 was eluted as a sharp peak and a
broad band, which could be due to the hydrolyzed
species since Cy3 was unstable in an aqueous
solution. Consecutive sample introduction and sepa-
ration was achieved in under 1 min, with relative

standard deviations of peak intensity and average
migration time less than 7.6 and 0.64%, respectively
(Fig. 7C). It was found that the reproducibility was
degraded with time as discussed previously and is
expected to be resumed as the liquid in reservoir D is
removed and the channel walls are cleaned. More-
over, the effect of the pressure-driven flow on the
band broadening of the separated peaks is expected
to be minimum since the pressure is estimated to be
small (tens of p.si.; 1 p.s.i.=6894.76 Pa) and the
hydrodynamic flow in the separation channel is
inhibited by the gating voltage.

3.3 Discrete mode of sample introduction

The capability of the device for sample intro-
duction was further investigated under a discrete
mode normally used for chromatographic analysis. In
this mode, discrete samples were introduced into the
flow stream via an injection valve connected on-line
to the flow stream. Sampling was achieved through
time coordination between the injection valve and
voltage switching system. This process can be easily
automated through proper software control, although
the system is currently lack of this capability and al
injections were manually controlled. Although the
Valco injection valve introduced a sample plug of 60
nl, it is estimated that only one tenth of the intro-
duced sample was injected into the electrophoretic
channel based on the the relative channel diameter.
In Fig. 8A, semi-quantitative results were reveaded as
samples with different concentrations were injected.
The integration of sample introduction and sepa-
ration was further demonstrated in Fig. 8B as a
mixture of Rhodamin B and Cy3 fluorescence dyes
was introduced into the separation channel. Re-
producible signals with a relative standard deviation
of peak intensity below 6% for each concentration
were obtained when electro-gating was applied for
the sampling. The sampling rate for the discrete
mode can be further increased as the system is
automated in the future.

4. Conclusions

A microfabricated device is demonstrated herein
to be capable of non-interrupted and reproducible
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Fig. 8. Consecutive injections of the discrete mode. (A) The concentrations of the injected Rhodamine B (via a 60-nl injection valve) in 20
mM sodium tetraborate, pH 9.2 were 2.5-107°, 5-107°, and 10™* M for the first, second, and the third consecutive injections, respectively.
Meanwhile, the hydrodynamic flow-rate was 5 wl/min, the applied gating and separation voltages were both 1.3 kV and the loading time
was 12 s. (B) The injected sample contained Rhodamine B (3-10™° M) and Cy3 (6.5-10 * M) in 20 mM sodium carbonate buffer (pH 11.5)
a a hydrodynamic flow-rate of 5 pl/min. The applied gating and separation voltages were both 1.3 kV and the loading time was 3.0 s.

sample introduction, separation, and detection from tion is now being sought to achieve a rapid and high
either a continuous flow or discrete sample zones in throughput flow analysis system.

a continuous flow stream. These capabilities would

alow direct coupling between the electrophoresis-
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