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(S7) Abstract

A confocal scanner which scans a circular path traversing capillaries in a planar array for

capillaries.
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ROTARY CONFOCAL SCANNER FOR DETECTION
OF CAPILLARY ARRAYS

. a _ 3 &
R2rief Descrintion of the inventior

This invention relates generally to a capillary array scanner and more
particularly to a capillary array confocal scanner for circularly scanning and

detecting electrophoretic separations performed on planar capillary arrays.

Background of the Invention

The goal of the Human Genome Project is to sequence the human genome
which consists of 3x10’ base pairs. Most automated DNA sequencers employ large
slab gel configurations with multicolor fluorescence detection. The scanning
confocal systems used in connection with detection of slab gels have also been useful
in the detection of electrophoretic separations carried out in capillary arrays. Present
state of the art confocal detection systems for capillary array electrophoresis have
achieved sequencing rates of 25,000 bases/hr (96 samples, 500 bases/sample, 2
hrs/run). However, it 1s desirable to perform these separations even faster using
optimized electrophoretic devices, at which point, detection of these separations
becomes more challenging.

Methods for DNA fragment sizing and sequencing on photolithographically
fabricated chips have been described in various published articles, for example:
Woolley, A. T., and R. A. Mathies (199)5), 1 high speed DNA seguencing using

apillary electrophoresis chips, Anal. Chem. 67:3676-3680; and Woolley, A. T., G.
F. Sensabaugh, and R. A. Mathies (1997), High-Speed DNA Genc
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Microfabricated Capillary Arrz ectrophoresis Chips, Anal. Chem. 69:2181-2186.

In the devices described in these publications, a glass substrate or chip is
photolithographically etched to produce channels in the surface of the substrate.
These channels are typically 10-50 micron in depth, 50-200 micron in width and can
extend for 5-10 cm on the chip, depending on the layout. Then a second substrate is
bonded on top of the etched surface to form enclosed channels or capillaries that are
suitable for capillary electrophoresis separations. It has been shown that these
microfabricated gel-filled channels can be used to perform high quality DNA
separations that are 100-fold faster than slab gels and 10-fold faster than
conventional capillary separations. It has also been shown that separations of ds-
DNA fragments, short tandem repeats, DNA sequencing fragments, proteins, amino
acids and other chemical analytes can be performed on these chips. In these studies,
single channels have been used and the detection has employed laser excited
fluorescence detection of fragments in the single channel using conventional confocal
or non-confocal microscope conﬁguratioﬁ S.

Multiple channels have been fabricated on a chip and detected by
illuminating and imaging the entire chip with a CCD detector, L.B. Koutny, D.
Schmalzing, T.A. Taylor & M. Fuchs, Microchir ‘
Serum Cortisol, Anal. Chem. 68, 18-22 (1996). However, the sensitivity in the

latter study was low. It is hard to see how this design can be used to detect large

&
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numbers of multiple channels at high speed.

Recently, chips have been fabricated with up to 12 channels (Wooley et al.
(1997)). The anode ends of the channels are bundled together for detection and then
the bundled channels were detected with a mechanical scan stage that moves the chip
past a confocal detector. The linear scanning confocal detection system obtained
fluorescence data at a 2 Hz rate. While this method works well to produce high
sensitivity detection of multiple channels, it 1s difficult to see how this approach can
be extended to more than 12 channels as the mechanical scanning of the chip past the
detector is awkward and the scan rate (limited to 2 Hz) is not fast enough for most
fragment sizing and sequencing applications.

The electrophoresis time for DNA sequencing on chips is very short (<10

min.) and consequently the chips must be scanned at rates of at least 10 Hz to
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provide adequate resolution of the bands. Linear scanners
are not suitable for use at high scan rates because of the
stresses placed on the motor systems during the stop and

reverse phases of the scanning process and because of the

time required for reversal.

The advantage of a confocal scanning system is its
high numerical aperture, leading to high light collection
efficiency, and 1ts ability to limit the light detection to
within the fluorescing confocal volume. This dramatically
reduces the sensitivity of the system to stray light and
also optically sections the capillary chip so as to reject
stray light, fluorescence and scatter from the glass or

plastic substrate.

In U.S. Patent No. 6,143,152, there is described a
microfabricated capillary array electrophoresis device or
chip. The device includes an array of separation channels
formed on a plate with an array of sample reservoirs coupled
to the separation channels for introduction of samples into
the channels. In one embodiment of the microfabricated
capillary array electrophoresis device the channels extend
radially or spirally outward from the center of the plate to
the sample reservoirs to form a planar array. In another
embodiment the planar array comprises a plurality of
parallel microfabricated capillaries or channels. There 1is
a need to provide a scanner that can perform high-
sensitivity detection of separations on a radial array of
capillary separation channels, or on a large array of

linearly parallel channels, at a high sampling rate.

Objects and Summary cof the Invention

It is a general object of the present invention to

provide a confocal scanning system which samples planar
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arrays of capillaries at a high rate.
It 1s another object of the present invention to

provide a chip design in which the electrophoresis lanes

(capillaries) are arranged to center radially at a central

anode and a rotary confocal scanner for scanning the lanes

1n a cilrcular motion.

It 1s another object of the present invention to
provide an apparatus for scanning a radial array of
caplillaries to detect separations of substances in said

caplllaries.

It 1s a further object of the present invention to
provide an apparatus for high sensitivity confocal detection
of planar arrays of capillary separations at a high sampling

rate.

These and other objects of the present invention

are achieved by a rotary confocal scanner for detecting

gy

separations 1n a planar array of capillaries sequentially

and repetitively during an electrophoresis separation.

In cone aspect of the 1nvention, there 1s provided
a scanner for excliting and detecting energy from an
excltation volume 1n a capilllary passage and providing an
output representing the material in the excitation volume
comprising: a plurality of side-by-side capillary passages
disposed 1n a plane, a source of radiant energy, an optical
means including an objective lens for receiving the radiant
energy and focusing said radiant energy in the excitation
volume, means for continuously and repetitively moving said
objective lens 1n a circular pattern to scan the excitation
volume 1n each sequential capilllary passage, said objective
lens collecting radiant energy from the excilitation volume 1in

each sequentia. capillary passage and directing the radiant
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energy 1into a confocal optical system, a detector positioned

to recelve the radiant energy from sailid confocal optical

system and provide an output signal, and a computer means

for receiving said output signal and providing an output

representative of the material in the excitation volume.

In a second aspect, there 1s provided a scanner

for exciting and detecting radiation from an excitation

volume 1n each of a plurality of capillary passages and

providing an output representing the material 1n the

excitation volume comprising: a plurality of side-by-side

capillary passages disposed 1n a plane, a source of radiant

energy of a first wavelength, an optical means i1ncluding an

objective lens for receiving and focusing said radiant

energy in the excitation volume in the plane of said

P

plurality of side-by-side capillary passages, means for

moving saild objective lens 1n a circular pattern so that

sald excitation volume sequentially and repetitively 1S

within one of said plurality of side-by-side capillary
passages to exclite material 1n one sald passage and cause

P
p—

the material to radiate energy at a plurality of different

wavelengths, said objective lens serving to collect the

radiated energy of said different wavelengths and direct 1t
to an optical system including, a plurality of dichroic beam
splitters for selectively directing the radiated energy of

—

each of said plurality of different wavelengths to a

F ﬁ

different location, a plurality of sets of spatial and

P

spectral filter means one for each of said different

—

wavelengths, and a plurality of detection means, one for

each set of spatial and spectral fillter means, for receiving

F
p—

the radiated energy of each different wavelength and

providing corresponding output signals, and computer means

T T ——
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for receiving and processing sald signals to provide an
output representative of the material i1n the excitation

volume 1in each of said plurality of side-by-side capillary

passages.

Brief Description of the Drawings

The foregoing and other objects of the invention
will be more easily understood from the following
description when read in connection with the accompanying

drawings wherein:

Figure 1 shows a radial capillary array
electrophoreses chip for performing multiple channel

electrophoretic analyses.

Figure 2 shows spiliral capillary array
electrophoresis chip for performing multiple channel

electrophoretic analyses.

Figure 3 1s a schematic diagram of the mechanical
and optical parts of a rotary confocal scanner i1n accordance

with the present 1invention.

Figure 4 1s a schematic view of the
electrophoreses chip, the focused laser beam, and of the

circular path interrogated by the scanner.

Figure 5 18 an enlarged view taken along line 5-5
of Figure 4 showing the confocal volume that 1s 1lluminated

and detected.

Figure 6 1is a schematic diagram of the four-color

detector portion of the rotary scanner detection system.

Figure 7 shows a microfabricated planar parallel

array of capillaries scanned by a rotary scanner.
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Figure 8 shows a planar array of conventional

capillaries scanned by a rotary scanner.

Description of Preferred Embodiment

Figures 1 and 2 show two multichannel capillary
array electrophoreses chips where the capillary channels 11
are arranged radially and spirally on a circular glass
sandwich structure 12. In these devices, the analyte 1is
injected i1nto the channels 11 from reservoirs 13 arranged on
the perimeter of the micro-plate and analyzed through
electrophoreses or other separation method by moving the

analyte toward t—he central reservoilr through a separation

medium disposed in the channels 11. The analyte is moved by
applying a voltage between the cathode 14 and central anode

16. The lanes are detected just before entry to the central

anode 16.

In accordance with the present invention, the
detection of the separation 1n the capillaries 1s done with
a novel confocal scanner that scans the lanes 1n a circular
motion. In the preferred embodiment to be described
hereinafter in detail, the chip 1s most easily scanned from
below with a rotating scanner to leave the top of the chip
avallable for access to the solution reservoirs 13,
electrode contacts, etc. However, while this 1s convenient,
the chip could also be scanned from above using mechanical
or galvanometric scanners exploiting the same design
principles. Figure 3-6 schematically show the mechanical
and optical parts of a rotary scanner 1n accordance with the
present invention. Referring to Figure 3, an unpolarized or
circularly polarized laser beam 17 passes from laser 18
through a defining aperture a; and 1s diverted by a dichroic
beam splitter d;, on translation stage t;,, to a mirror m,,

mounted with orthogonal adjustments on translation stage tu.
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The mirror m; sends the beam up through a hollow shaft 19
supported by two high precision bearings b; and b,. At the
top of the shaft, a housing 20, not shown in detail,
contains a rhomboid prism which displaces the beam by a
given amount, for example 10 mm, sending it up through a
microscope objective 21 (NA 0.5, working distance 1.7 mm,
used 1n infinite conjugate mode), and into the plane of
channels 11 in the chip. Means not shown can move the
objective 1n small increments along the z direction thereby
placing the focal point of the laser in the center of all
the channels. Figure 4 shows the laser beam focused on a
channel 11 by the objective 21. The dotted circle 22 shows
the circular scanning path. The enlarged view of Figure 5
shows the laser beam 17 focused 1in the volume 23 of the
capillary or channel 11 disposed between the plates 24 and

25.
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A precision drive belt B drives the objective 21 through belt pulleys fixed
between high precision bearings b, and b,, and bearings b, and b,. The solid shaft
going through bearings b, and b, 1s connected to microstepping motor 26 through a
flexible coupling 27. An optical fiber 28 is positioned in the path of the moving
laser beam above the chip. Light from the rotating objective enters the optical fiber
and is channeled to a photodiode which triggers the start of data acquisition.

Light from the sample volume, for example fluorescing DNA fragments, is
collected by the objective 21, sent in a reverse path through the dichroic beam
splitter d,. It then passes through a plane parallel thick glass piece g, in a gimbal
mounting to translate the beam to the center of the aperture a, which leads into a 4
color detector assembly (Figure 6). Dichroic beam sblitter D, (Figure 6) reflects
light at wavelengths 497-548 nm and the bandpass filter B, limits the wavelength
range to 510-540 nm. Ins A; and the location of pinhole P,, are used to define the
unfocused beam path and appropnate dichroic position. An achromat lens L,,
provided with xyz adjustment, focuses the color-filtered beam onto the 200 um
confocal pinhole P,. A diagonal mirror, M,, which can be moved into the beam
path between L, and P,, creates an image plane at the top cover of the compartment,
and a 20X Ramsden eyepiece E (Rolyn Optics) is used to view the image plane.
Light passing through the pinhole, P,, 1s detected by a photomultiplier tube.

The beam that passes through D, enters the second compartment, which is a
mirror image of the first detection compartment. A removable longpass glass filter
LP is used for additional blocking of the laser wavelength. Each successive
compartment measures a longer wavelength range defined by the respective bandpass
filters. Compartments 2, 3 and 4 each have a sliding shutter, S, in place of a
diagonal mirror to block light from entering the photomultipliers. Compartment 4
contains a mirror in place of a dichroic beam splitter and no bandpass filter is used
to limit the long wavelength detection range. Plasma lines in the primary laser beam
are significant beyond 590 nm and are removed using a line filter. The outputs of
the photomultiplier tubes (PMTs) are amplified and filtered using S00 Hz low-pass
filters. The signal is digitized using a 16-bit ADC operating at 1 KHz. The
intensity data are collected bidirectionally and stored in a PC. The act of focusing

the detected fluorescent light on the pinholes affects confocal detection. This means
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that the emission is collected from just the confocal volume that is illuminated by the
laser within the channel or capillary in the chip. .

In one example, 96 electrophoresis lanes converged at the central anode well
16 whose radius was < 1cm. The radius of the beam path produced by the rotary
scanner was r, (~ 1 cm), and its path length was 62.832 mm for r = 1 cm. Leaving
space for a fiber optic to initiate data acquisition, there was about 640 um between
lane centers. This divides into electrophoresis lanes and space between lanes.
Taking data every 20 um, we would have 3072 data points per revolution. The 32
data intervals which make up the 640 pum data spacing can be divided up into data
from the channels and data from the spaces between channels. At 10 revolutions
(RPS), the data rate would be 30.72 kHz or 32.55 us/data pt. ‘.The outputs of the
amplifier/lowpass filters are simultaneously sampled by four independent analog to
digital converters (ADCs). The ADCs are controlled by a multitasking program
which samples all positions, strips away non-channel data, averages and logs the
data to a computer. Channel spacing and data rate are variable and can be changed
easily in the multitasking program.

It 1s apparent that the rotary scanner can be used to scan any planar arrays of
capillaries. Figure 7 schematically shows use of the rotary scanner to scan a planar
parallel array of microfabricated capillaries 31 formed on glass substrate 32 along
the line 33. Figure 8 shows use of the rotary scanner to scan a plurality of
capillaries 34 such as described in Patent 5,274,240 arranged in a parallel planar

relationship.

equivalently be used to effect circular or elliptical scanning of these chips. The
advantage of the rotary confocal scanner of the present invention is that it permits

very high sampling rates (10 Hz or more), confocal detection and simultaneous four

or more color detection of the fluorescent signals.
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CLAIMS:
1. A scanner for exciting and detecting energy from

an excitation volume 1in a capillary passage and providing an
output representing the material 1n the excitation volume

comprising:

a plurality of side-by-side capillary passages

disposed 1n a plane,

a source of radiant energy,

an optical means including an objective lens for

receiving the radiant energy and focusing said radiant

energy 1in the excitation volume,

means for continuously and repetitively moving

said objective lens in & circular pattern to scan the

excitation volume 1in each sequential capillary passage, said
objective lens collecting radiant energy from the excitation

volume in each sequential capillary passage and directilng

the radiant energy into a confocal optical system,

a detector positioned to receive the radiant
energy from said confocal optical system and provide an

output signal, and

a computer means for receiving sald output signal

P

and providing an output representative of the material 1in

the excitation volume.

2. A scanner as 1n claim 1 1ncluding means for

detecting the position of a scanned volume and providing 1t

to the computer to correlate the output with the capillliary

pelng scanned.

3. A scanner as in claim 1 or 2 1n which the confocal

system includes a spatial filter and a spectral filter.
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4 . A scanner as in claim 1 or 2 in which the

capillaries are radially oriented in a plane.

5. A scanner as 1in claim 1 or 2 1n which the

capillaries are oriented parallel to one another in a plane.

5 6. A scanner as 1in claim 4 in which said radially

oriented capillaries spiral outwardly.

7 . A scanner for excilting and detecting radiation
from an excitation volume 1n each of a plurality of

capillary passages and providing an output representing the

10 material in the excitation volume comprising:

a plurality of side-by-side capillary passages

disposed 1n a plane,
a source of radiant energy of a first wavelength,

an optical means including an objective lens for
15 receiving and focusing said radiant energy 1in the excitation
volume 1in the plane of said plurality of side-by-side

caplllary passages,

means for moving said objective lens 1n a circular
pattern so that said excitation volume sequentially and
20 repetitively 1s within one of said plurality of side-by-side
caplllary passages to excite material 1n one said passage
and cause the material to radiate energy at a plurality of

different wavelengths,
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sald objective lens serving to collect the radiated
energy of said different wavelengths and direct it to an

optical system including,

a plurality of dichroic beam splitters for
selectively directing the radiated enerqgy of each of said

plurality of different wavelengths to a different location,

a plurality of sets of spatial and spectral filter

means one for each of said different wavelengths, and

a plurality of detection means, one for each set of

spatial and spectral filter means, for receiving the radiated

capillary passages.

8. A scanner as in claim 7 in which the capillaries are

radially oriented.

9. A scanner as in claim 8 in which said radially

oriented capillaries spiral outwardly.

SMART & BIGGAR
OTTAWA, CANADA

PATENT AGENTS
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