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ABSTRACT

Microfabricated capillary array electro-
phoresis (µCAE) microchannel plates are the
next generation of bioanalytical separation
devices. To fully exploit the capabilities of
µCAE devices, supporting technology such
as robotic sample loading, gel loading, mi-
croplate washing, and data analysis must be
developed. Here, we describe a device for
loading gel into radial capillary array elec-
trophoresis microplates and for plate wash-
ing and drying. The microplates are locked
into a loading module, and high-pressure he-
lium is used to drive aqueous separation me-
dia or wash solutions into the microchannels
through fixtures connected to the central an-
ode reservoir. Microplates are rapidly (30 s
to 5 min) loaded with separation media, such
as 3%–4.8% linear polyacrylamide or 0.7%
–3.0% hydroxyethyl cellulose, for electro-
phoresis. The effective and rapid gel-filling
and plate-cleaning methods together with
short electrophoretic analysis times (2–30
min) make µCAE systems versatile and pow-
erful nucleic acid analysis platforms.

INTRODUCTION

The Human Genome Project has dri-
ven the development and commercial
implementation of capillary array elec-
trophoresis systems for high-throughput
DNA analysis (3,6). By miniaturizing
capillary electrophoretic devices
through microfabrication, significant
benefits can be realized, such as smaller
sample and reagent volumes, lower
costs, higher assay speed, and increased
throughput (2,4,11). Rapid, high-quali-
ty genetic analysis and sequencing data
have been obtained using a variety of
microfabricated capillary electrophore-
sis systems (1,2,4,11,18,20). The over-
all throughput can be increased by per-
forming multiple analyses in parallel on
high-density capillary array electro-
phoresis (µCAE) microplates (7,16,
17,21). There is significant interest in
the commercial implementation of
these devices for DNA genotyping and
sequencing analysis (1,2,4,11,15). In-
deed, the first generation of commercial
microfabricated electrophoretic devices
are already being evaluated (14).

To implement these microfabricated
platforms, supporting automation tech-
nology must be concomitantly devel-
oped for microfluidic sample handling
(preparation and loading), gel loading,
microchannel plate (MCP) washing,
and data analysis. We recently de-
scribed methods for the facile transport
of µCAE data to a commercial geno-
typing analysis software platform (19).
Here, we present the design and opera-
tion of an MCP gel-loading/washing
system that effectively addresses an im-
portant additional need for implement-
ing µCAE analysis. The gel loader is

designed to force aqueous solutions,
helium gas, or a variety of separation
media through the arrays of microchan-
nels in an MCP in a controlled and re-
producible manner. Using this system,
we can load the MCP with high-viscos-
ity media such as linear polyacrylamide
(LPA) for electrophoresis, and clean
and dry the chips.

MATERIALS AND METHODS

Our microchannel plate design con-
sists of 96 separation channels arrayed
radially around a common central an-
ode reservoir (Figure 1). Pairs of chan-
nels share a common waste and cath-
ode reservoir (Figure 1A), and channels
are grouped into four quadrants of 24
microchannels each (16). An advantage
of this design is that all separation mi-
crochannels can be washed or loaded in
parallel by addressing the central anode
reservoir.

Figure 2 is a diagram of the MCP
gel-loading/washing system. A photo-
graph of the assembled loading module
is shown in Figure 3. The wafer is sup-
ported on a cross bar, and a mechani-
cally driven piston forces the MCP
against the loading module. A series of
valves in a manifold controls whether
helium, water, or separation medium is
delivered to the MCP.

Device Construction

The loading module was machined
by the UC Berkeley Chemistry Machine
Shop according to drawings provided at
their Web site, www.cchem.berkeley.
edu/~ramgrp/supplemental2/. The water
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reservoir is manufactured from a section
of 4-in stainless steel pipe (wall thick-
ness, 3/8 in). The system is plumbed
throughout with either 1/8- or 1/16-in
stainless steel tubing. High-pressure D
Series non-rotating stem valves with

1/8-in Swagelok inlet and Kel-F outlet
stem tips (Oakland Valve and Fitting,
Concord, CA, USA) are used at the ap-
propriate intersections (Figure 2, valve
nos. 1–7 and 9). Valve no. 8 is a high-
pressure needle control valve.

The loading module can be vented
and removed for matrix replenishment
or for cleaning with water. Closing the
needle control valve no. 8 isolates the
gel loader from the rest of the pressur-
ized system (Figure 2). Valve no. 9 al-
lows pressure relief in the gel loader so
that the MCP may be removed. Simi-
larly, valve nos. 4 and 7 isolate the wa-
ter reservoir, opening valve no. 6, then
venting the water reservoir for refilling.
The entire system is rated to 1000 psi,
and a 1000-psi relief valve is attached
to the helium regulator. 

The loading modules are fabricated
from poly-methyl methacrylate (Figure
2B). The reservoir capacity is approxi-
mately 1 mL. A cover plate can be
screwed to the bottom of the module,
which allows centrifugation at 110× g to
remove bubbles from the gel. The cover
plate is removed, and the loading mod-
ule is placed into the loader for filling
the MCP with matrix. A no. 006 O-ring
near the exit port seals the reservoir to
either the cover plate or the MCP. A
larger O-ring seals the top of the loading
module to the aluminum cross bar.

The loader accommodates 100-,
150-, and 200-mm diameter MCPs. The
MCP is supported on a platform with a
hollow central shaft. An adjustable
clamp (Straight line 601 clamp; Desta-
co, Birmingham, MI, USA) raises a pis-
ton with a protective elastomer cover in
the central hollow shaft against the
MCP, loading module, and cross bar as-
sembly. The clamp is manually adjusted
to deliver the correct amount of pressure
to prevent the leakage of medium.

Device Operation

Gel matrix is loaded into the mi-
crochannels uniformly by (i) filling the
loading module with approximately 1
mL gel and placing it on top of the
MCP, (ii) clamping the MCP between
the adjustable piston and the loading
module, and (iii) pressurizing the sys-
tem with helium. A typical gel-loading
pressure for straight-channel MCPs is
approximately 300 psi, and the uniform
loading of all microchannels with 3%
LPA takes between 5–10 s. Approxi-
mately 150 µL gel is pumped through
the chip to fill all of the channels. All
channels fill at approximately the same
rate. The pressure is relieved when visu-
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Figure 1. Design of the 96-channel capillary array electrophoresis microchannel plates. (A) Mask
pattern used to form the straight-channel radial CAE MCP on a 150-mm diameter wafer. Each straight
channel has an effective separation length of approximately 55 mm. (B) Mask pattern used to form a 96-
channel folded-turn CAE MCP. These extended separation channels utilize tapered turns to increase the
separation length to 16 cm without a loss of resolution (11). Microchannel dimensions range from 30–60
µm in depth and 120–200 µm in width. The straight-channel design is optimized for high-speed geno-
typing, while the folded-turn design is used for high-resolution separations such as DNA sequencing.



al inspection determines that all of the
channels are filled. The needle control
valve no. 8 regulates pressurized deliv-
ery. Replacing the module with an emp-
ty one and switching the valves allows
us to wash the MCP with water and then
with helium. Helium is used for pres-
surizing the matrix because of its low
gas solubility, which minimizes subse-
quent bubble formation after relieving
the pressure. Cleaning the microchan-
nels with water and drying them with
helium requires approximately 5 min at
400 psi. For washing, we tip the loading
module on its side and let the runoff
drain into a waste basin.

The longer folded-channel micro-
chips (Figure 1B), which utilize tapered
turns and a higher LPA concentration
(approximately 4%–5%) for DNA se-
quencing analyses, require higher pres-
sure and longer loading times. About 5
min are required to load 400 µL 4.7%
LPA matrix at approximately 600 psi,
and cleaning/drying takes about 10 min
at the same pressure. These folded-
channel chips are first filled with buffer
and then immediately loaded with gel
media. This buffer pre-filling facilitates
the loading of higher viscosity media by
pre-wetting the channels. Excess gel in
the circular wells is removed using a mi-
cropipette tip attached to a vacuum line.

All MCPs are fabricated from two
thermally bonded glass wafers. These
MCPs can withstand high (approxi-
mately 2000 psi) compressive stress.
The compatibility of this loader design
with MCPs fabricated from more frag-
ile materials [e.g., polycarbonate, poly
(methyl methacrylate)] has not been
determined.

RESULTS AND DISCUSSION

Commercial CAE devices such as
the MegaBACE-1000 (Amersham
Pharmacia Biotech, Piscataway, NJ,
USA) and the ABI PRISM 3700 DNA
Analyzer (Applied Biosystems, Foster
City, CA, USA) use integrated pressure
loading systems for automated gel ma-
trix replacement and capillary cleaning
(11). To make the µCAE platform simi-
larly useful for high-throughput se-
quencing and genotyping, we have de-
veloped a convenient, automated
washing and gel-loading system. The

MCP loader has been successfully used
in a number of genotyping and se-
quencing investigations (8–10,13). Dif-
ferent media have been loaded and
cleaned from the chips including

0.75%–3.0% hydroxyethylcellulose (n
= 100–1000 cp) and LPA up to 4.8% (n
= approximately 10 000–100000 cp).

Additionally, we have found the gel
loader to be helpful for delivering
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Figure 3. Photograph of the gel loader with a 150-mm MCP in place on the support bar.

Figure 2. System schematic. (A) The MCP gel loader/washer with a wafer in place. The numbers indi-
cate the placement and the order of the valves. (B) Expanded view of the gel reservoir detailing the de-
tachable cover plate that allows centrifugation of the separation media before loading. Engineering dia-
grams are available at www.cchem.berkeley.edu/~ramgrp/supplemental2/.



chemical solutions to the microplate
and for washing/drying during the sur-
face coating process (5). The use of this
technology is not limited to radial
µCAE formats. Other µCAE designs
can be accommodated through the use
of a custom delivery manifold and plat-
form that would direct media into the
appropriate common reservoirs. Along
with this washing and loading device,
we have developed and implemented
supporting robotic technology for inde-
pendent sample loading and efficient
data analysis programs (19). The entire
process from empty chip to 50 000
called DNA sequencing bases requires
approximately 40 min. The gel loader
described here is a step toward the as-
sembly of a completely integrated high-
throughput µCAE analysis platform
that will become the next-generation
electrophoretic genetic analysis system.
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