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cyclic manner, with the detector output synchronized to the light sources by a controller. Bio-separation may be conducted
simultaneously In all the channels In parallel, with detection time-staggered and/or time multiplexed with respect to the light
sources. In one embodiment, low cost light emitting diodes may be used as light sources. In another aspect, the detection
scheme Is configured for radiation induced fluorescence detection in a multi-channel capillary electrophoresis instrument.



CA 02436098 2003-07-25

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

1 August 2002 (01.08.2002) PCT
(51) International Patent Classification’:  GOIN 27/447, (81)
21/64
(21) International Application Number: PCT/US02/02514

(22) International Filing Date: 28 January 2002 (28.01.2002)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/264,553 26 January 2001 (26.01.2001) US

(71) Applicant (for all designated States except US): BIOCAL
TECHNOLOGY, INC. [US/US]; 1920 East Katella Av-
enue, Suite O, Orange, CA 92867 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): AMIRKHANIAN,
Varouj [US/US]; 3831 El Camino Street, LLa Crescenta,
CA 91214 (US). LIU, Ming-Sun [CA/US]; 2588 Chelsea
Court, Brea, CA 92821 (US).

(74) Agent: LIU, Wen; Liu & Liu LLP, Suite 1100, 811 West
7th Street, Suite 1100, Los Angeles, CA 90017 (US).

(84)

(10) International Publication Number

WO 02/059392 A3

Designated States (national): AE, AG, AL, AM, AT, AU,
A7, BA, BB, BG, BR,BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL., IN, IS, JP, KE, KG, KP, KR, KZ, 1.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL., PT, RO, RU, SD, SE, SG,
SI, SK, SL., TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VN, YU, ZA, ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent
(BE, Bl, CFL, CG, CI, CM, GA, GN, GQ, GW, ML, MR,
NE, SN, TD, TG).

Published:

(33)

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

Date of publication of the international search report:
19 December 2002

[Continued on next page]

(54) Title: OPTICAL DETECTION IN A MULTI-CHANNEL BIO-SEPARATION SYSTEM

COLLECTION FIBER

WO 02/059592 A3

BUNDLE ASSEMBLY /, 2,00
COLLECTION
MICRO-OPTICS 10 DETE% OR
ASSEMBLY ¢

43
& ¥
EXCI
FIBER MOUNT BLOCK N\ Buﬁg{\gtfshggﬁgfv
431 i / \\\\ wP
<N '
! 1_‘.-{(1 '.“..1_,_,. “‘\
N kT oL RN
ob \\.‘ G D“ FROM SOURCE
R\ a = = . MODULE
e\ a BN X 20,423
\_ \ --_z-?’,t;_. __,_..—fﬁ,.. | &'}/’b
= et -
Q a oo A
N
/ N
CAPILLARY 417
(40
<)
TEA

(57) Abstract: A multi-channel bio-separation detection method and apparatus in which a single detector is coupled to a plurality
of radiation sources, in a one detector/many radiation sources configuration. Each radiation source directs radiation at one detection
zone of a single separation channel, and a single detector is applied to detect light emissions from the detection zones of several sepa-

ration channels. The light sources direct radiation at the detection zones in a predetermined sequence and further in a cyclic manner,

with the detector output synchronized to the light sources by a controller. Bio-separation may be conducted simultaneously in all the
channels in parallel, with detection time-staggered and/or time multiplexed with respect to the light sources. In one embodiment, low
cost light emitting diodes may be used as light sources. In another aspect, the detection scheme is configured for radiation induced
fluorescence detection in a multi-channel capillary electrophoresis instrument.



CA 02436098 2003-07-25

wO 02/059592 A3 MUV AAR 000 0 T 0 0 0 0

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



CA 02436098 2003-07-25
WO 02/0593592 PCT/US02/02514

OPTICAL DETECTION IN A MULTI-CHANNEL BIO-SEPARATION SYSTEM

BACKGROUND OF THE INVENTION

This application claims the priority of U.S. Provisional Patent Application No.
00/264,553, filed January 26, 2001.

1. Cross-Reference
10

U.S. Patent Application No. entitled Multi-Channel Bio-

- Separation Cartridge, concurrently filed on January 28, 2002 (Attorney Docket No.:
1031/208), which is assigned to BioCal Technology, Inc., the assignee of the present

invention, and which is fully incorporated by reference herein.

15

2. Field of the Invention

The present invention relates to detection techniques in bio-analysis, particularly
20 optical detection in a multi-channel bio-separation system, and more particularly
detection of emissions from radiation excitations in multi-channel capillary based
| electrophoresis. The present invention further relates to bio-separation instrument

incorporating the detection scheme of the present invention.

25 3. Description of Related Art

Bioanalysis, such as DNA analysis, is rapidly making the transition from a purely
scientific quest for accuracy to a routine procedure with increased, proven dependability.
Medical researchers, pharmacologists, and forensic investigators all use DNA analysis in

30 the pursuit of their tasks. Yet due to the complexity of the equipment that detects and
measures DNA samples and the difficulty in preparing the samples, the existing DNA
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~analysis procedures are often time-consuming and expensive. It is therefore desirable to

reduce the size, number of parts, and cost of equipment, to make easy sample handling

- during the process, and in general, to have a simplified, low cost, high sensitivity

detector. |

One type of DNA analysis instruments separates DNA molecules by relying on
electrophoresis. Electrophoresis techniques could be used to separate fragments of DNA
for genotyping applications, including human identity testing, expression analysis,
pathogen detection, mutation detection, and pharmacogenetics studies. The term
electrophoresis refers to the movement of a charged molecule under the influence of an
electric field. Electrophoresis can be used to separate molecules that have equivalent
charge-to-mass ratios but different masses. DNA fragments are one example of such
molecules.

There are a variety of commercially available instruments applying
electrophoresis to analyze DNA samples. One such type is a multi-lane slab gel
electrophoresis instrument, which as the name suggests, uses a slab of gel on which DNA
samples are placed. Electric charges are applied across the gel slab, which cause the
DNA sample to be separated into DNA fragments of different masses.

Another type of electrophoresis instruments is the capillary electrophoresis (CE)
mstrument. CE refers to a family of related analytical techniques that uses very strong
electric ﬁelds.to separate molecules within narrow-bore capillaries (typically 20-100 um
internal diameter). CE techniques are employed in seemingly limitless applications in
both industry and academia. Gel- and polymer network-based CE has revolutionized
studies of nucleic acids; applications include DNA sequencing, nucleotide quantification,
and mutation/polymorphism analysis. By applying electrophoresis in a fused silica
capillary column carrying a bﬁffer solution, the sample size requirement is significantly
smaller and the speed of separation and resolution can be increased multiple times
compared to the slab gel-electrophoresis method. These DNA fragments in CE are often
detected by directing light through the capillary wall, at the components separating from
the sample that has been tagged with a fluorescence material, and detecting the
fluorescence emissions induced by the incident light. .The intensities of the emission are

representative of the concentration, amount and/or size of the components of the sample.
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. Some of the challenges in designing CE-based instruments and CE analysis
protocols relates to sample detection techniques. In the case of fluorescence detection,
considerable design considerations had been given to, for example, radiation source,
optical detection, sensitivity and reliability of the detection, cost and reliability of the
structure of the detection optics.

CE with the use of the fluorescence method provides high detection sensitivity for
DNA analysis. Fluorescence detection is often the detection method of choice in the
fields of genomics and proteomics because of its outstanding sensitivity compared to
other detection methods. Two prevailing fluorescence detection modes are confocal
scanning laser induced fluorescence (LIF) and sheath flow detectors.

The main drawback of the sheath flow detector is the highly sophisticated flow
system needed to ensure a reliable sheath flow. Extreme demands are put on the optical
and mechanical component tolerances in order to meet the robustness demands of end-
users. The sensitivity of the device is very good, but it is not obvious that this principle of
fluorescence detection is suited for a high-throughput yet low cost DNA analysis. The
scanning confocal detector is based on scanning the optical system. The use of moving
parts 1s not ideal when considering simplicity, robustness and lower cost of the
mstrument. Also, the shallow focal depth of the microscope objective puts severe
demands on the mechanical and optical component tolerances. Further, the optical
scanning principle reduces the duty cycle per capillary, which may impair the sensitivity
when scaling up the instrument further for very high-throughput purposes.

One of the most expensive hardware components for many commercially
available CE instruments with LIF detector is typically a fluorescence excitation light
source, which can be a gas discharge lamp (mercury or xenon) or a laser (gas, solid state
with second harmonic generation, dye, or senﬁconductor), that are bulky, expensive,
inefficient and difficult to couple one's light output into optical fibers, thus preventing
mintaturization of the optical detection system. These light sources hinder development
of small size, high-throughput and cost-effective analytical instruments, with the
convenience required for rapid detection.

Separation of DNA fragments by size using gel-filled capillaries has advantages

over the classical slab gel-based separations in terms of speed and resolution. However,
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most commercially available CE mstrumentation has only one capillary, and only one
sample may be analyzed at a time. In a commercial automated DNA sequencer utilizing a
slab gel system (such as the Applied BioSystems 377 instrument), 36 samples may be
analyzed simultaneously. In order for capillary electrophoreis based DNA fragment
analyzing instrumentation to be competitive on a throughput basis, 1t has been necessary
to develop mstruments that can run more than one sample at a time. The principle
involved i DNA fragment Analyzing instruments (such as PACE 5000 LIF, PACE
MDQ LIF of Beckman Coulter) using a single-capillary mstrument can be extended to
multi-capillary system. However, the design of a multi-capillary DNA Analyzer utilizing
LIF based detection optical systems (i.e. 8-capillary CEQTM 2000XL Instrument of
Beckman Coulter) are considerably more costly and complicated than the classical slab
gel-based systems. Other examples of commercially available multi-capillary CE
mstruments include instruments developed by ABI, SpectruMedix and Pharmecia, which
shared similar drawbacks.

Amnother fluorescence detection method illuminates the interiors of multiple
capillaries simultaneously, and collects the light emitted from them. As in U.S. Patent
No. 5,790,727, the capi}laries in a parallel array form an optical wave guide wherein
refraction at the cylindrical surfaces confines illuminating light directed in the plane of
the array to the core of each adjacent capillary in the array. However, because only one
light source 1s used for the illumination, there is cross talk between the different
separation channels defined by the capillaries. Due to the existence of scatter light, cross
talk cannot be prevented and the contrast ratio of detected signals will be poor due to
noise 1n the fluorescence emission. Furthermore, prior art single illumination source for
multiple channels makes multi-wavelength LIF detection more complicated.

It 15 therefore desirable to develop a low-cost high throughput multi-channel

detection scheme for bio-separation, which would overcome the limitations in the prior

art.
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SUMMARY OF THE INVENTION

.The present invention provides a simplified, low cost, efficient, highly sensitive,
and high throughput multi-channel detection configuration for bio-separation (e.g., CE),
which overcomes the drawback of the prior art. The present invention provides a multi-
channel detection scheme based on a multi-radiation source/common detector
configuration, in which detection is conducted in a time-staggered, and/or time-
multiplexed detection for the channels. A single detector is coupled to a plurality of
radiation sources, in a one detector/many radiation sources configuration. Each radiation
source directs radiation at one detection zone of a single separation channel, and a single
detector is applied to detect light emissions from the detection zones of several separation

channels. There may be more than one detector in the entire detection system, each

serving multiple radiation sources.

Bio-separation may be conducted simultaneously in all the channels in parallel,
with detection time-staggered and/or time-multiplexed with respect to the light sources.
The light sources direct radiation at the detection zones in a predetermined sequence in a
cyclic manner, with the detector output synchronized to the light sources by a controller.
The radiation sources and the detector are pulsed in synchronization in a time-
multiplexed manner. The controller controls the detector and radiation sources in a
manner to effect detection of radiation emissions from the multiple separation channels in
predetermined detection cycles, wherein each detection cycle is repeated at a frequency
to provide a desired detection time or duration. The controller controls the radiation
sources and detector in a manner to effect detection in a repeated scanning manner,
across the detection zones of the separation channels, in a time-staggered type detection.
In accordance with the present invention, cross talk between channels is virtually
eliminated. No moving parts are required for directing the light source or detection.

In one embodiment, low cost light emitting diodes (LEDs) (e.g., super bright
LEDs) or laser diodes, instead of expensive high power lasers may be used as light
sources. Alternatively, low energy lasers may be used. The incident light from the light

sources may be separately directed to the detection multi-channel detection zones using
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optic fibers. The emitted light from the multi-channel detection zones may be directed to
one or more common detectors using optic fibers. Since no moving parts are necessary,
component count can be reduced. By eliminating or reducing cross talk between
channels, the optical detection system design can be much simplified. Accordingly, the
cost, reliability, and ease of use of the instrument is improved. |
In a particular embodiment of the present invention, the detection scheme of the

present invention is configured for radiation induced fluorescence detection in a multi-
channel bio-—setp aration instrument. In another embodiment, the detection scheme is
contigured for radiation induced fluorescence detection in a capillary electrophoresis
istrument.

In another aspect of the present invention, the present invention provides a bio-

separation mstrument that incorporates the detection scheme of the present invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and advantages of the invention, as well
as the preferred mode of use, reference should be made to the following detailed
description read in conjunction with the accompanying drawings. In the following
drawings, like reference numerals designate like or similar parts throughout the drawings.

FIG. 1 1s a schematic view of an example of a multi-channel bio-separation
system that incorporates the optical detection concept of the present invention.

FIG. 2 is a perspective view of a multi-channel CE system, which incorporates the

optical detection scheme of the present invention, in accordance with one embodiment of

the present invention.

FIG. 3 1s a simplified view of the detection optics in relation to the capillary
cartridge i accordance with one embodiment of the present invention.

FIG. 4 is a block diagram of the control system for the incident radiation and
emission detection system.

F1G. 5 1s a timing diagram illustrating the pulsing for time-multiplexing of

radiation sources in accordance with one embodiment of the present invention.
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DETAILED DESCRIPTION OF THE ILLLUSTRATED EMBODIMENTS

This invention is described below in reference to various embodiments with
reference to the figures. While this invention is described in terms of the best mode for
achieving this invention’s objectives, it will be appreciated by those skilled in the art that
variations may be accomplished in view of these teachings without deviating from the
spirit or scope of the invention.

The present invention is directed to a novel detection configuration in which
multiple light sources emit excitation light through respective optical fiber toward
respective fluid safnple 1n a plurality of fluid samples in a time-multiplexed manner;
tluorescence is generated in each of the fluid samples in response to the excitation light at
different times corresponding to the times at which the light is transmitted to the samples;

and the fluorescence from a single sample is delivered to the detector, which outputs a

~signal proportional to the intensity of the detected fluorescent light. Therefore, a single

detector 1s used to detect light from a plurality of light emitting devices. For purpose of
1llustrating the principles of the present invention and not limitation, the present invention
1s described by reference to embodiments directed to CE, radiation induced fluorescence,
and multiple separation channels. It is understood that the scope of the present
invention is not limited to detection of fluorescence type of emission, but is also
applicable to detection of other types of emissive radiation, such as phosphorescence,
luminescence and chemiluminescence.

‘The mechanism of electrophoresis and radiation induced fluorescence when
considered alone are outside the scope of the present invention. For the sake of
completeness, it 1s sufficient to briefly describe CE in reference to the multi-channel CE
system 200 i reference to FIG. 1 and FIG. 2. As shown in FIG.1, the CE system 200
generally comprises at least one capillary separation column 140, having a separation
channel and a detection section defining a detection zone 406. The separation channel is
filled with a separation support medium, which may be simply a running buffer, or a
sieving gel matrix known in the art. For radiation induced fluorescence detection, the gel

matrix imncludes a known fluorophore, such as Ethidium Bromide.
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In operation, a prepared biological sample (e.g., a DNA sample) is introduced into
the far end of the capillary column 140 away from the detection zone 406, by any of a
number of ways that 1s not pai't of the present mvention (e.g., electrokinetic injection
from a sample reservoir or physical pressure injection using a syringe pump). The
sample binds to the fluorophore. When a DC potential is applied between electrodes 111
and 112, the sample migrates under the applied electric potential along the separation
channel and separates into bands of sample components. The extent of separation and
distance moved along the separation channel depends on a number of factors, such as
migration mobility of the sampie components, the mass and size or length of the sample
components, and the separation support medium. The driving forces in the separation
channel for the separation of samples could be electrophoretic, pressure, or electro-
osmotic flow (EOF) means.

When the psample reaches the detection zone 406, excitation radiation is directed
from light source 420 via fhe excitation fiber 422 at the detection zone. The sample
componenté would fluoresce with intensities proportional to the concentrations of the
respective sample components (proportional to the amount of fluorescent tag material).
The detection fiber 428 collects the emitted fluorescence, at a wavelength different from
that of the incident radiation and direct to a detector 450.

In one embodiment of the mnvention, referring to FIG. 2, a multi-channel cartridge
100 and CE system 200 that is adapted for use with the present invention is schematically

1llustrated. (U.S. Patent Application No. entitled Multi-Channel Bio-

Separation Cartridge, concurrently filed on January 28,2002 (Attorney Docket No.:
1031/208), which is assigned to BioCal Technology, Inc., the assignee of the present
invention, and which has been fully incorporated by reference herein, is more specifically
directed to various embodiments of the gel filled multiple capillary cartridge and the CE
instrument in which the cartridge is désigned to be used.) The fully automated DNA
analysis mstrument 200 has a base 74, supporting a modular X-Z sample handling tray
mechanism 76, which moves two 96-well micro-titer plates 70 and 72 in relation to the
multi-capillary cartridge 100 supported on support bracket 164. The system 200 provides
easy handling of multi-channel separation columns, and allows easy optical coupling of

the detection zones to the detection optics of the CE instrument 200.
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The cartridge 100 includes a twelve-channel fused silica capillary array that is
used for separation and detection of the samples as part of a disposable and/or portable,
interchangeable cartridge assembly 100. The multi-channel capillary array includes
twelve detection zones defined by micro-channels in the cartridge 100. The multi-
channel cartridge 100 shown 1n FIG. 2 holds up to 12 capillaries 140, 12-16 cm long.
The multi-channel cartridge 100 is integrated with a top, outlet butfer reservoir 124
common to all capillaries 140, which 1s directly coupled to a modular air pressure pump
78. The preésure pump 78 provides the required air pressure to fill-up all the 12-
capillaries with the sieving gel contained in the reservoir 124. Depending on the
viscosity of the gel, pressﬁres of up to 40 PSI may be applied to the capillaries 140
through the gel-filled reservoir 124. The cartridge gel-reservoir 124 is equipped with
built in common electrode (anode; not shown) for all 12-capillaries, which 1is
automatically connected to a high voltage power supply 80 for electrophoresis when
stalled inside the instrument 200. A fan or Peltier cooler 63 on the support bracket 164
adjacent to the cartridge 100 provides temperature control of the cartridge. Injection of
the samples 1s achieved by electrokinetic methods. The high voltage power supply 80 is
used to deliver 0-t0-20 KV of electrical field to the gel-filled capillaries for the
electrokinetic injection and separations of DNA fragments. Each of the 12-LED's broad
band light energy (F WHM= 47 nm) 1s relayed by individual light transmitting optical
fibers (multi-mode silica or plastic 200 micron Core fibers, 0.22 N.A.) to each of the

- capillary's detection zone inside the cartridge 100 for the excitation of the separated DNA

fragments. A power supply 66 provides DC power to the CE system 200. Additional
details of the cartridge 100 and CE system 200 may be referenced in the copending patent
application that has been incorporated by reference herein.

FIG. 3 schematically represents the detection optics and relationship to the
cartridge 100, when the cartridge 100 (shown in simplified view) 1s attached to the CE
system 200 1n whach 1t 1s designed for use, excitation fibers 422 (1.e., multi-mode silica or
plastic fibers, 0.22 N.A.) in the systems are directed at the detection zone 406 of the
capillaries 140. Each channel 1s separately coupled to an LED 420.

During electrophoresis, the rate at which the separated components or analytes

move through the sieving gel 1s inversely proportional to their mass. As the fragments

10
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approach the detection zone 406, the excitation light energy from each of the twelve
LEDs 420 supported in a LED module 433 is delivered by individual light transmitting
optical fibers 422 (e.g., grouped in a bundle 423) to illuminate the separated components
or analytes at the detection zone 406. The excitation light 1s delivered to the
corresponding 12-capillaries directly with or without use of micro-lenses. The excitation
fibers 422 may be coupled to each LED 420 by a micro-lens to improve optical coupling
between the LEDs and the fibers. The fibers 422 are supported and aligned with respect
to the capillary by a mount module or block 431. As the separated components or
analytes move through the sieving gel (or linear polymer solution), an intercalating dye
(Ethidium Bromide) within the sieving gel allows the separated components or analytes
to be detected by detecting the light induced fluorescence.

The emuitted fluorescent light from the capillary's detection zone 406 is then
collected by several high N.A. (Numerical Aperture) micro-lenses 436 (e.g., High-index
Sapphire Micro-lens) supported and aligned in the fiber mount block 431. The collected
tfluorescent light, which has a higher wavelength (large stoke shift) than the excitation
light, is then routed by 12 larger core optical fibers 428 (370 um OD, 0.22 NA fibers, but
could also be in ranges of: 100-1000 um OD, 0.12-0.5 NA) from each of thel2 capillary's
detection zone 406 and is brought into a single detector 450 (R5984 Hamamatsu
photomultiplier tube) as a single bifurcated bundle assembly 452. A single, e.g., 570-630
nm long pass optical filter 454 (OG-590) is used prior to detection to filter the emission
signal from the output of the fiber bundle (each fiber) assembly 428.

The LEDs 420 are operated to emit light at different times (i.e., modulated).
Hence, light from only one LED 420 from LED module 433 is delivered to single
capillary 140 at any given time and is detected by the detector 450, which outputs a
signal proportional to the intensity of the detected fluorescent emission. Light induced
fluorescence detection 1s proceeded in a predetermine sequence and in a cyclic fashion
for all the detection zones 406 at capillaries 140, in synchronization with the activations
of the LEDs 420. Therefore, a single detector 450 is used to detect fluorescence

emissions from a plurality of radiation emitting devices.

The twelve LEDs 420 are pulsed / modulated in a time-multiplexed manner with

respect to the detector. The LEDs are pulsed, and similarly the detector is pulsed also.

11
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The detector just reads one LED or one channel at a time in a time-staggered manner. As
the_ LEDs are pulsed and continuously exciting the fluorophor which is tageed with the
separated DNA fragments through all channels running in parallel, the detector is also
sampling or reading one channel at a time in a time-staggered manner. In essence,
detection is conducted in a repeated scanning manner, across the detection zones of the
array of capillaries 140. Twelve emission signals will reach the single PMT 450 in a
time-staggered manner by a single fiber-bundle assembly or they could be individual
emission collection fibers which are all combined to a single detector. These detection
fibers do not need to be in a 1 X 12 fiber bundle assembly form. They could be 12
individual fibers which are mounted individually to a single detector module by a single
mechanical block, so they could either be packaged either in a 12 closed round packed or
linear array packed form, delivering total of 12 emission signals from the cartridge to a
single PMT. The light emitting diodes 420 are operated to emit light pulsed at several
hundred hertz but separated from each other by a delay.

In general, pulsing of the LEDs are pulsed are conduct in the following sequence
in accordance with one embodiment of the present invention. When LED one comes on
then detector comes on or detects emission light for LED number one, then LED one
becomes off for the next 11 times because there are a total of 12 channels. So the pulsing
o:f the LEDs 1s tied to the detector which is done 1n a sample an;l hold scheme. The
sampling frequency may be 100 Hz per channel so the total modulation frequency for all
12 channels is 1200 Hz, which is the frequency for the two consecutive channels, with a
duty cycle of 1/12. This sampling frequency may be different as long as the time-
multiplexing of LEDs and the time-staggered type detection scheme is preserved. The
data collection processing rate in the software may be set at 10 Hz with an adjustable rise
time (i.e. 0.1 sec-1sec). (To have the similar sampling frequency, a sampling frequency
of 10 Hz mstead of 100 Hz may be used, but sampling frequency and data collection
processing rate are independent from each other.) Then the LED would be on for about
10 msec and otf for 100 msec at 1/12 duty cycle. (This duty cycle will change as the
number of capillaries increases or decreases).

FIG. 5 shows the timing diagram of the pulsing of the LEDs, and similarly for the

detector in accordance with one embodiment of the time staggered/time multiplexed
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detection scheme of the present invention. This is the timing diagram for the following
example. The pulsing of LEDs is at 1/12 duty cycle. When a LED is on, it is on for 1/12
of the time (8.3%) and then is off for 11 times. The sampling frequency is 100 Hz /
channel. 100 Hz is 10 msec. (T =1/ £=1/100Hz = 10 msec), which with a duty cycle of
1/12, then the LED is on for about 0.83 mSec or approximately 1 msec. All of the 12
LEDs are time-multiplexed in a time-staggered manner. So for a total of 12 channels, it is
1.2 KHz (1,200 Hz). The driving current for on time of LED is about 15-35 mA. The
sampling frequency and the data collection processing rate in the software may be

independent of each other.

As can be seen in FIG. 5, the pulsing train for time-multiplexing of LEDs proceed
for one cycle up to time T, and then it repeats again. The same concept is applied for the
detection side. The pulsing of the LEDs and the detector are synchronized. So as LED
one comes on, the sample and hold for the produced (collected / detected) emission
signals starts, and this is repeated for all 12-signals / LEDs, hence the time-staggefed type
detection. When the duty cycle is short, or the LED comes on for such a short period of
time, 1t can produce high peak pﬁlses in the detected signal. So LED off time is long
during pulsing mode versus a constant on / DC operation, which means the LED can have
longer life, because the cooling time (period) is long. One can take an advantage of this
pulsing mode operation of LEDs and apply higher (as high as 100 mA) drive currents for
generating higher intensities or peak powers. And one can also cool the LEDs to even
drive them harder for higher peak powers. Accordingly, pulsing of LEDs help extend the
life of the LEDs, and increase peak power / intensity.

It 1s noted that electrophoretic separations of fragments in the CE instrument 200
in accordance with the present invention are in seconds versus milliseconds for the pulsed
LED on time. Because the pulsing frequency is much higher than the actual fragment
peak separations, the time staggered/time multiplex detection scheme of the present
invention does not negatively affect the sensitivity and performance of detection
resolution. The resolution of the detection results (e.g., peaks 1n the detected signal)
would depend in part on the gel matrix concentration, the separation inner diameter,

length and the speed of migration through the detection zone 406. Experiments have
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shown that detection sensitivities of 100 ng/ml (0.02 ng of the DNA fragment) could be
achieved with good resolution using the inventive detection scheme.

As an example, for a test sample comprising $X174 DNA fragment, with 75 pm
by 16 cm capillary at 300 V/cm electrical potential, a baseline resolution for the 271/281
base pairs can be achieved. The STR loci in an individual DNA Identification type
separations with standard markers show about a 4 base pair separation resolution using
the a single color time-multiplexed fluorescence detection approach in accordance with
one embodiment of the present mvention. Separation time for all 12 channels running in

parallel 1s less than 10 minutes with a good Signal-to-Noise ratio (S/N = 150 for the

largest fragment, based on peak-to-peak noise).

The pulsing of the radiation sources and the detection sampling rate and period
should be synchronized so that the desired detection for a channel covers a period when
only the associated radiation source is on with respect to the detector.

While the above described embodiment shows the source LEDs directing incident
light to the capillaries via optic fibers 422, it is within the scope and spirit of the present
invention to position the radiation sources, such as the LEDs, adj acent the detection zone
406, using short optic fiber alignment leads 427 to align incident light to the detection

zone or completely eliminating use of fiber optics (e.g., by deploying micro-lenses to

- align mcident light from LEDs directly to the capillary detection zone 406).

| In a preferred embodiment, as shown in FIG. 4, there is shown a controller 300,
which comprises a CPU 210, an A/D converter 212 for converting detection signals from
the PMT 450 to corresponding digital signals, and an I/O interface 214 for transferring
and receiving signals to and from respective parts of the CE instrument 200 by
instructions from the CPU 210. A temperature controller 65 controls the fan or Peltier
cooler 63 that controls the temperature of the electrophoresis chamber for the micro-
channel/capillary array cartridge 100. The I/O interface 214 is coupled with the

temperature controller 65, which also controls the high-voltage power supply for sample

1inj ection and electrophoresis functions of the CE instrument 200, a circuit 421 for

modulating the LEDs 420, sensors, air pump, air valve, and motors for the X-Z stage of
the CE instrument 200. The CPU 210 may be further coupled to an external personal

computer 218, which in turn performs data processing or additional control function for

14



10

15

20

25

30

CA 02436098 2003-07-25
WO 02/0593592 PCT/US02/02514

the CE system 200. The CPU210 and/or the PC 218 may be programmed with control
functions dictated by LabVIEW ™ software available from National Instruments
Corporation, to control various features and functions of the automated multi-channel
DNA analyzer 200. |

The components of the controller 300, with the exception of the PC 218, may be
packaged as an electronic board 64 (FIG. 2) and cooling fan 62, on board the CE system
200 and electrically coupled to the PC 218 via a serial port (not shown), or they may be
part of a separate controller module outside of the CE system 200. The CPU 210 and/or
the PC 218 are programmed to accomplish the various control functions and features for
the CE system 200. In one embodiment, the PC 218 can be configured to provide the
front panel control (i.e., user interface) for the instrurnent 200, and the board 64 may be
configured to provided the time staggered/time multiplex detection controls. It would be
within a person skilled in the art to implement the program code given the functions and

features disclosed herein. An A/C power filter/ switch 68 (FIG. 2) is provided for the
instrument 200.

Incident radiation for the detection may be directed at the detection zone and/or
radiation emissions from the detection zone may be output axially along the separation
medium (references are made to U.S. Patent Application No. 09/887,871 entitled Optical
Detection in Bio-Separation Device Using Axial Radiation Input; U.S. Patent Application
No. 09/887,953 entitled Optical Detection in Bio-Separation Device Using Axial |
Radiation Output, and U.S. Patent Application No. 09/887,872 entitled Optical Detection
in Bio-Separation Device Using a Widened Detection Zone, all filed on June 22, 2001,
which are oonﬁnonly assigned to BioCal Technology, Inc., thé assignee of the present
invention, and which are fully incorporated by reference herein.

: The present invention utilizes low cost and miniature LEDs as excitation sources.
Other non-coherent, broadband light sources could be used (i.e., xenon lamps, D2 lamps,
mercury lamps, arc lamps). The emissions from the detection zone are collected by
micro-optical lenses with fiber delivery systems either from outside or inside the
detection collar.

Super-bright LEDs (i.e. Agilent's InGaN LEDs in colors of blue, green, etc....) are

candidates for inexpensive, compact, low-power light sources for use in the detection
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scheme of the present invention. These super-bright LEDs based on InGaN material
technology (HLMP-CB15 and HLMP-CM15 from Agilent) have an average light output
power ot 2.5-3 mW. The spectral characteristics of these blue-green InGaN LEDs with
their Peak Wavelengths of 470 and 530 nm and halfwidths (am) of 30 to 50 nm are good
candidates to be used for excitation of dyes (e.g. fluorescin, rhodamine, Etidium
Bromide, thiazol orange), with excitation spectra in the range of 450 to 550 nm. Any
solid state light source that can be pulsed could also be used with any dye or fluorophor
for this type of time-multiplexed detection. Since the response time of these LEDs are
very high (few hundred nanoseconds in frequency ranges of 1Hz-to-100 MHz), they
could be pulsed at greater forward currents (e.g., 15-30 mA, but could be up to 100 mA
forward current in pulsed mode operation), to obtain high radiant peaks. Pulsed
operation of LEDs can typically be achieved by the transistor drive circuits. Significantly
higher peak LED light output can be realized from large drive current pulses at lower
duty cycles than DC operation. Another example is LED-array module consisting of
Green 524 nm LEDs, which can also be adopted as excitation light sources for the
fluorescence detection of a low-cost CE instrument.

While in the embodiments described above, the multiple radiation sources are at
the same wavelength, it is within the scope and spirit of the present invention to configure
the multiple radiation sources at different Waveleﬁgths, to complement the specific
samples, sample based detection applications or gel chemistries in the different
capillaries. For example, adjacent radiation sources may have alternating wavelengths, to
run separations with identical samples in two adjacent capillaries with different gel
chemistries and/or fluorescence tags, to allow comparison of the detection results for
determining different or additional separated components in the sample, or as a basis of
validation of the detection results. As another example, adjacent group of four capillaries
may be incident with radiations of four different wavelengths (thus in the 12-channel
system described above, there would be three groups of four channels) for the same
sample. The same may be applied for detection of emissions from the channels incident
with radiation of the same wavelength, in a time staggered and/or time multiplexed
manner described above. Alternatively, there are mulﬁple detectors, of same or different

performance and/or detection characteristics, each applied for detection of emissions
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from the channels incident with radiations at the éame wavelength in a time staggered
and/or time multiplexed manner described above. Other variations are within the scope
and spirit of the present invention.

The present invention may be extended to a system in which there are multiple
wavelength excitation and detection for a single channel. Multiple radiation sources at
various wavelengths may be applied to a single separation channel in a multi-channel

system, and one or more detectors, at same or different detection characteristics, may be

applied to detect the radiation emissions at same or different wavelengths from the

channels, 1n a time staggered and/or time multiplexed manner similar to the method

described above for a single wavelength excitation radiation. Reference to multiple
wavelength excitation and detection is also made to U.S. Provisional Application No.

entitled “A Portable Multi-color Multiplexed Analysis Electrophoretic

Device,” filed on October 19, 2001 (Attorney Docket No.: 1031/207), which is
commonly assigned to BioCal Technology, Inc., the assignee of the present invention,
and which is fully incorporated by reference herein.

The mnovative detection approach has many advantages over the existing
commercial CE instruments. The detection system utilizes inexpensive light emitting
diodes (LEDs) as excitation light sources for fluorescence type detéction. The attractive
features of LEDs as light sources are their low cost, small size, long lifetimes, good
intensity stability resulting in low noise, and the possibility of direct electronic
modulation. These smaller solid-state excitation light sources facilitate the fiber coupling,
which results in miniaturization of the detection optics. Using a time-staggered detection
approach by multiplexing of multi-LEDs provides a great advantage of reducing number
of detectors (e.g., PMTs) to possibly one for multi-channel detection. By reduced
component count and by simplifying the optical detection system design the cost,

reliability and ease of use of the instrument is improved. There are negligible or no cross

talks between separation channels.
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While the invention has been particularly shown and described with reference to
the preferred embodiments, it will be understood by those skilled in the art that various
changes in form and detail may be made without departing from the spirit, scope, and
teaching of the invention. For example, the excitation radiation source could be, for
example, LEDs, laser diodes (semiconductor solid-state lasers), pulsed lasers (e.g., solid
state lasers, gas lasers, dye lasers, fiber lasers), or other sources of radiation. LEDs (e.g.,
Green, 524 nm) are associated with low cost, super brightness, and small package.
Alternate relative inexpensive light source for the present invention could be laser diodes
in the visible, UV and/or infrared range. For example, laser diodes in the range of 400-
900 nm, and more specifically in the range of 400-600 nm may be used, for example.

A person skilled in the art will recognize that the instrument incorporating the
essence of this mvention can also be used for biomoleculer analysis other than DNA
analysis. For example, by altering the separation gel or bufferh, the system can also be
modified to analyze biomolecules like proteins, carbohydrates, and lipids.

By way of example and not limitation, the detection scheme of the present
invention is described in connection with CE and radiation induced fluorescence
detection. It 1s understood that the present invention is also applicable to detection of
analytes separated based on bio-separation phenomenon other than electrophoresis, and
detection of radiation emissions other than fluorescence emissions. Accordingly, the
disclosed invention is to be considered merely as illustrative and limited in scope only as

specified in the appended claims.

18



10

15

20

25

30

CA 02436098 2003-07-25
WO 02/0593592 PCT/US02/02514

CLAIMS

We claim:

1. A detection system for a bio-separation device having a plurality of separation
channels in which bio-separation takes place simultaneously, comprising:
a detection section along each separation channel defining a detection zone for
analytes;
a plurality of radiation sources, each associated with a separation channel;

excitation means for introducing excitation radiation from the radiation sources at the

detection zones as analytes pass the detection zones;

detecting means for detecting radiation emissions;

control means for controlling the radiation sources and detecting means in a manner
such that excitation radiation is introduced at the detection zone of each separation
channel 1n a predetermined sequence and radiation emission from the detection zone of

each separation channel is detected in a time staggered/multiplexed manner.

2. The detection system as in claim 1, wherein the detecting means comprises a

single detector associated with a plurality of radiation sources.

3. The detection section as in claim 1, wherein the control means controls the

plurality radiation sources to activate in successive pulses between radiation sources.

4. The detection section as in claim 3, wherein the control means controls the
synchronization of pulsing of the radiation sources and detection sampling rate and
period by taking into account the lag time in emitted radiation in adjacent separation
channels, whereby desired detection for a separation channel covers a period when only

the associated radiation source is on with respect to the detecting means.

J. The detection system as in claim 4, wherein the control means controls the

detecting means to sample radiation emissions from. the multiple separation channels at a
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rate and period that provide desired radiation emission signal separation between

separation channels to reduce cross talk.

6. The detection system as in claim 1, wherein the control means controls the
5 detecting means and radiation sources in a manner to effect detection of radiation
emissions from the multiple separation channels in predetermined detection cycles,

wherein each detection cycle is repeated at a frequency to provide a desired detection

resolution.

10 7. The detection system as in claim 1, wherein the control means controls the
radiation sources and detecting means in a manner to effect detection in a repeated

scanning manner, across the detection zones of the separation channels.

8. The detection system as in claim 1, wherein the radiation sources produces
15  excitation radiation at more than one wavelength.
9. The detection system as in claim 1 wherein the analytes comprise a material
that fluoresces in the presence of the excitation radiation, and the detecting means

comprises means for detecting fluorescence emission of the material.

20 10. The detection system as in claim 1 wherein the radiation emission is at least

one of:

fluorescene;

chemiluminescence; and

phosphorescence.
25

11. A bio-separation instrument, comprising:
a plurality of separation channels;

means for simultaneously separating samples in the separation channels into

analytes; and

30 a detection system, comprising:
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a detection section along each separation channel defining a detection
zone for analytes;

a plurality of radiation sources, each associated with a separation channel;

excitation means for introducing excitation radiation from the radiation
sources at the detection zones as analytes pass the detection zones;

detecting means for detecting radiation emissions;

control means for controlling the radiation sources and detecting means in
a manner such that excitation radiation is introduced at the detection zone of each
separation channel in a predetermined sequence and radiation emission from the
detection zone of each separation channel is detected in a time

taggered/multiplexed manner.

12. A bio-separation instrument as in claim 11, wherein the separation channel is
defined by a capillary column, and the means for separating a sample is configured to

effect separation of the sample by electrophoresis.

13. A method for detecting analytes in a bio-separation device having a plurality
of separation channels in which bio-separation takes place simultaneously, comprising
the steps of:

defining a detection zone for analytes along each separation channels;

providing a plurality of radiation sources, each associated with a separation
channel;

introducing excitation radiation from a plurality radiation sources at the detection
zones as analytes pass the detection zones;

providing a detector for detecting radiation emissions;

controlling the radiation sources and detector in a manner such that excitation
radiation 1s introduced at the detection zone of each separation channel in a
predetermined sequence and radiation emission from the detection zone of each

separation channel 1s detected in a time staggered/time-multiplexed manner.
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