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allowing it to be inverted without numerical difficulties. The
inversion of a removes the residual cross-talk between the
dyes. Thus it should be possible to directly obtain the
relative numbers of dye molecules with maximum contrast

5 from the four-color experiments. Corrections to this may
come from scattered light. While a simple baseline correc­
tion is easily accommodated, light fluctuations will add
some noise to the experiments. Several full cycles of the four
lasers will pass during each elution component, allowing

10 reduction of the noise by signal averaging. At the same time,
the quantification of the noise provides a real-time diagnos­
tic for estimating confidence levels on the signal measure­
ments. Base-calls should in any case proceed with high
confidence since the precise handling of the cross-talk will

15 ordinarily yield one dye population that is much higher than
the others. In those cases where heterozygotes are present, it
is straightforward to distinguish these mixed-populations
since they will yield two dyes with higher (and approxi-
mately equal) populations.

As used herein, the term "timing program" is meant to
include either software or hardware configured to signal a
laser firing sequence. The timing program will also contain
information from the laser firing sequence, which can be
correlated with the fluorescence emission signal.

As used herein, the term "excitation line" means a laser
beam or output from another excitation source having a
spectral wavelength or its corresponding frequency.

As used herein, the term "substantially all" means at least
90%. For example, "substantially all of the fluorescence

30 signal" is at least 90% of the signal.
As used herein, the term "substantially corresponds"

means that the difference between the two is less than 5%.
For differences in wavelengths in the visible spectrum, this
corresponds to differences of 20-33 nm, or more preferably

35 10-20 nm, or even more preferably 5-10 nm, or most
preferably, when the absorption maxima of a dye "substan­
tially corresponds" to the excitation wavelength of an exci­
tation line, the two wavelengths are less than 5 nm.

As used herein, the term "optically matched" means that
40 the wavelength maxima are within one nm of each other.

The term "substantially colinear" means that the laser
beams or excitation lines diverge from each other at angles
of less than 5°.

The term "substantially coaxial" means that the laser
45 beams or excitation lines diverge from each other at angles

of less than 5°.
The term "phased shifted," means that the phase relation­

ship between two alternating quantities of the same fre­
quency is changed. For example, consider two trains of

50 repeating pulses such as pulse train (1) laser 1 on followed
by laser 1 off for three times as long and pulse train (2) laser
2 on followed by laser 2 off for three times as long. One
would say that the sequence of equal time periods of laser 1
on, laser 1 off, laser 2 on, laser 2 off corresponds to the sum

55 of pulse train (1) and pulse train (2) with the phase of pulse
train (2) delayed by a phase shift of 180° or a half cycle.
Note that for 180°, delayed or advanced phase shifts are
equivalent.

As used herein, the term an "on-time window" is defined
60 as the window of time corresponding to when the excitation

line is incident on the sample and includes the window of
time corresponding to the time after the excitation line has
ceased firing and before a second excitation line is incident
on the sample.

As used herein the specification, "a" or "an" may mean
one or more. As used herein in the claim(s), when used in
conjunction with the word "comprising", the words "a" or

otides. Addition of a ligase results in two events required to
generate a signal, that is extension and ligation. This pro­
vides a higher specificity and lower "noise" than methods
using either extension or ligation alone and unlike the
polymerase-based assays, this method enhances the speci­
ficity of the polymerase step by combining it with a second
hybridization and a ligation step for a signal to be attached
to the solid phase.

The matrix a implicitly contains factors including the molar
extinction coefficients of the different dyes at frequency i,
their quantum yields, the efficiencies of the laser and the
detection system, and attenuation effects. From a practical
point of view, the relative magnitudes of the elements aij are 65

calibrated experimentally. The matching of the dye maxima
to the laser colors makes the matrix diagonally dominant,

XI. Data acquisition and analysis
The PME system, including switching the lasers and

collecting the data are under computer control in a unified
hardware/software framework. Cross-platform versatility is
achieved, for example, by using PCI-bus data acquisition
and controller cards and LabView™ software from National
Instruments. The graphically oriented acquisition and analy­
sis environment provided by LabView has led to its wide­
spread adoption in laboratory use. Software programs have
been developed to perform several operations for the PME
sequencing prototypes including: (i) generating a trigger 20

signal for the TTL clock chip to govern the basic 4 sub­
cycles (serial pulsing of lasers 1 through 4) of each cycle, (ii)
controlling the blocking of scattered light, (iii) acquisition of
the time-integrated signals from the photodetector, and (iv)
controlling various operations for automated capillary elec- 25

trophoresis methods. Scattered light is controlled by use of
a liquid crystal tunable filter under electronic command
(e.g., the VariSpec from CRI, Inc.) to provide a different
edge block for each of the four lasers. When using a PMT
or avalanche photodiode, sampling should be taken several
times per sub-cycle for purposes of time-integration. For the
full-scale multichannel CCD operation, only one read per
sub-cycle is necessary. These different modes of operation
are easily handled in software. As mentioned above, a
primary goal of this invention is direct detection, which
would eliminate the need for PCR amplification. This
requires high direct sensitivity such as can be obtained with
a spectroscopic-grade CCD camera with very low readout
noise (e.g., a few accumulated photons per readout).

In addition, software programs that perform a number of
data analysis steps, including spectral matrix correction,
baseline correction, electrophoretic mobility corrections,
base-calling of the single nucleotide, quantitation of peak
heights for heterozygote analyses, allele association by
electrophoretic position and order of different fluorescently
labeled gene targeted primers are developed. Excitation by
PME produces some level of cross-talk from the non­
matched laser pulses other than from the best matched laser.
As discussed previously, laser-dye combinations that mini­
mize non-matched laser cross-talk can be easily identified,
so that time correlated excitation of the correct fluorophore
can be identified and made with high confidence. In general,
however, it will be necessary to accommodate heterozygous
base pairs, particularly for SNP analyses in which more than
one fluorophore is excited at a time. Under non-saturating
conditions, this leads to linear relations between the number
N i of photons detected due to illumination by laser i and the
number nj of molecules of dye j,



US 6,995,841 B2
29

"an" may mean one or more than one. As used herein
"another" may mean at least a second or more.

XII. Examples
The following example is included to demonstrate pre­

ferred embodiments of the invention. It should be appreci­
ated by those of skill in the art that the techniques disclosed
in the examples which follow, represent techniques discov­
ered by the inventor to function well in the practice of the
invention, and thus can be considered to constitute preferred
modes for its practice. However, those of skill in the art
should, in light of the present disclosure, appreciate that
many changes can be made in the specific embodiments
which are disclosed and still obtain a like or similar result
without departing from the spirit and scope of the invention.

EXAMPLE 1

Optical system

30
are its simplicity and flexibility as it is designed to pulse of
up to eight discrete sources. As an alternative, a TTL bucket
brigade circuit was constructed because of its simplistic
design in pulsing 4-lasers using 2 dual JIK fliplfiop chips.

5 The TTL Clock Chip essentially provides a means for
distributing the timing pulses from a master clock on the
computer to the appropriate lasers. As each clock pulse is
received, the chip output sequentially shifts one step from
QO to Ql .... and finally to Q7 on the 8th clock pulse. Each

10 laser is turned on in turn for one and only one clock pulse.
The total cycle time may be easily varied by several orders
of magnitude, from tens of seconds to milliseconds simply
by changing the master clock frequency, and this has been
successfully tested. The duration of the laser pulses are

15 always identical to each other, and the off time between the
pulses remain in the same exact proportion to each other, so
the overall cycle time may be changed with a single param­
eter.

20 EXAMPLE 3

Results and Discussion from the 2 Color PME
Study

A preliminary experiment was performed to determine the
feasibility of the PME approach to discriminate each fluo­
rophore from a mixture of fluorescence dyes. To test the
concept of "colorblind" detection, this experiment was per­
formed without the aid of fluorescence band pass filters,
laser line blocking filters, gratings, prisms, or any other
dispersing elements to aid in distinguishing one dye's emis-
sion from the other. Moreover, the raw output from the
photomultiplier was sent directly to an oscilloscope, without
signal averaging or any other type of processing enhance­
ment. Each laser was alternately pulsed for 1.2 msec and was
configured with the red laser connected to QO and the green
laser connected to Q3, FIG. 3. Altering the green laser to Q2
gave the correct firing sequence, which verified the proper
configuration of the TTL circuit (data not shown). The
remaining Q inputs were idle and resulted in dark spacing
between laser pulses of 2.4 msec (red-to-green) and of 4.8
msec (green-to-red). The red and green lasers provided 5.5
mWand 4 mW of power, respectively. The difference in
power settings was purposeful to partially offset the higher
detector sensitivity of the green fluorescence over the red
fluorescence. Photographs were taken by a digital camera in
real time, and the fluorescent signals were recorded in a
downward (negative) direction, as the PMT multiplies elec­
trons.

The two dyes examined were BODIPY (523/547) and
BODIPY (630/650), which have narrow absorption/emis­
sion half-bandwidths (Metzker et aI., 1996), and therefore
are ideal for the color-blind PME detection scheme. The
dyes were analyzed at a concentration of approximately 10-5

M in ethanol. This moderately high concentration was
chosen to assure that the signals were derived entirely from
the dye solutions, and not from other sources, such as stray
light, thus providing an accurate measure of the contrast
ratio. The emission from each dye fell in toto onto the

60 red-sensitive photomultiplier, which is a key feature of the
color-blind methodology.

In FIG. 4A, the oscilloscope trace was obtained from an
equal mixture of BODIPY dyes in the cuvette. The two
channels from the oscilloscope photographs were set to

65 record the trigger signal, which turns on the red laser (upper
trace) and the fluorescence signal from the PMT detector
(lower trace). The green laser pulse was subjected to a partial

EXAMPLE 2

Pulse Generation System

There are a number of methods to serially pulse multiple
lasers, including mechanical chopping and TTL control. One
strategy was to serially pulse the 532 nm solid-state laser and
the 635 nm diode laser by TTL control using 74174-clock
chip, (FIG. 3). The advantages of the clock chip TTL circuit

To test the concept of the PME system, a simple bread­
board device was built to test the feasibility of discriminat­
ing different fluorescent signals from a mixture of two
BODIPY fluorophores (Metzker et aI., 1996). The optical
path for combining the pulsed 532 nm and 635 nm lines is 25

depicted schematically in FIG. 1 as solid lines. The laser
light emitted from the green 532 rim solid state, diode­
pumped, frequency-doubled Nd:YAG laser (Intelite, Min­
den, N.Y.) and the red 635 nm SPMT diode laser module
with external potentiometer (Blue Sky Research, San Jose, 30

Cailf.) were each directed using two commercial grade
aluminum steering mirrors (Edmund Industrial Optics, Bar­
rington, N.J.) to a dual prism assembly. The prisms were
coated with a single layer HEBBAR antireflection material,
which reduced polarization at the prism surfaces by increas- 35

ing total transmittance. The high dispersion equilateral
prisms were constructed from F2, grade "A" fine annealed
flint glass and were positioned at a forty-five degree angle
relative to one another to allow efficient overlap of the two
beams by inverse dispersion into a single beam, FIG. 2. The 40

flexibility of this design allows as many as eight excitation
lines originating from discrete point sources (five lasers are
shown in FIG. 1 for illustration) to be combined efficiently
by the inverse dispersion strategy.

The combined laser beams were directed into the cuvette 45

assembly box, which consists of a hollow aluminum light­
proof box. The box was modified by affixing two "floating"
adjustable iris fixtures (Edmund Industrial Optics) to mini­
mize the amount of stray light entering the box. A 10 cm
cylindrical optically correct glass cuvette (NSG Precision 50

Cells, Inc, Farmingdale, N.Y.) was installed and mounted
using two black delrin holders. A 500K multi-alkali PMT
detector, which has good sensitivity in the range of 280 nm
to 850 nm, was coupled to the cuvette assembly box. The
fluorescence was detected directly from the cuvette using a 55

collection lens in an orthogonal geometry to the propagation
direction of the excitation laser beams.
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a. Develop 4-color: Identification of the Optimal 4 Laser-dye
Combination

Six different solid-state lasers and/or laser diode modules
have been identified with excitation wavelengths that match
the absorption maxima of a number of commercially avail­
able fluorophores, most of which have been used for DNA
sequencing. Other lasers and fluorophores can also be iden­
tified by comparing and matching the excitation maxima of
the fluorophore with the emission wavelength of the laser.
Candidate dyes should show good quantum yields and have
narrow absorption spectra. The non-limiting list of dyes
listed herein below initially meet these requirements,
although other commercially available fluorophores and
lasers may be tested as well. For experimentation purposes,
each dye is coupled to the universal sequencing primer
(5'-TTGTAAAACGACGGCCAGT) (Metzker et aI., 1996)
as representative of termination products for the SNP assay.

Although some dyes listed in Table 1 have a listed
absorption maxima on the blue side of the excitation source,
these dyes will be considered for use since the attachment of
dyes to DNA usually results in a red shift in the absorption/
emission spectra. The absorption/emission values for the
dyes given in parenthesis correspond to the absorption and
emission wavelengths when coupled to a universal sequenc­
ing primer.

A systematic evaluation of each laser-dye combination
will be compared for good excitation characteristics and
between laser-dye pairs to identify an optimal set of 4
laser-dyes for DNA sequencing applications. Each laser will
be set-up, similar to the green and red laser experiment and
pulsed using the TTL clock chip for excitation and cross-talk
experiments as described in Example 3. It is anticipated that
numerous new solid-state lasers and laser diodes and new
fluorescent dyes will continue to be developed and commer­
cialized with unique emission wavelengths ranging below
400 nm to beyond 1100 nm that can be used in the current
invention. Due to the modular configuration of the PME
system, the testing of additional laser-dye pairs is straight­
forward.

32
Prophetic Example 4

Development of a I-capillary 4-color PME
Prototype

TABLE 1

Fluorophore

BODIPY 589/617 and BODIPY 581/591
(592/603 when coupled to a primer)
BODIPY 630/650 (643/651 when coupled
to a primer)

7-dimethylaminocoumarin (409/473),
cascade blue (396/410), and 7­
hydroxycoumarin (386/448).
5-carboxyfluorescein (494/518), 1,3,5,7­
tetramethyl-BODIPY (495/503), Oregon
green 488 (496/524), and the 5,7-dimethyl­
BODIPY (503/512). *
BODIPY (523/547) (536/554 when coupled
to a primer)

The BODIPY (650/665) dye (661/667 when
coupled to a primer) and cyanine 5 dye

Laser

Red 635 nm SPMT diode
laser module with external
potentiometer
Red 670 nm SPMT diode
laser module with external
potentiometer

Blue 473 nm or 488 nm
solid state, diode-pumped,
frequency-doubled
Nd:YAG laser
Green 532 nm solid state,
diode-pumped, frequency­
doubled Nd:YAG laser
Yellow 594 nm He-Ne

Blue 399 nm solid state,
30 indium gallium nitride laser

31
modulation, which gives the fluorescence output a "two­
finger" appearance, making it easily distinguishable from
the smooth red laser fluorescence. The small variation
observed in the red laser pulse-to-pulse fluorescence inten­
sity was due to 120 Hz leakage from an inadequately 5

rectifiedAC power supply, and can be corrected by insertion
of a capacitor Jt filter in the power supply in the experimental
section. As shown, the timing of the sequential firing of the
red laser and then the green laser resulted in significant
fluorescence signals when both BODIPY dyes were present 10

in solution.
FIG. 4B shows the total fluorescence signal from the

serial pulsing of the green and red lasers with only the
BODIPY 630/650 (red dye) present in the cuvette. Whereas
the large fluorescence signal is time correlated with the firing 15

of the red laser, the green laser only imparts a small
"cross-talk" signal to the red dye. This cross-talk was
measured to be approximately 4% of the red laser signal,
which is attributed to the highly efficient coupling of a laser
precisely matched to the red dye absorption peak and the 20

narrower absorption spectral properties of BODIPY dyes.
Both aspects give the desired low excitation efficiency of the
off-resonant green laser. This result clearly illustrates good
contrast between laser excitations for the same dye using the
PME approach. Since the ratio of red to green excitation 25

efficiency can be determined, a cross-talk matrix can be
computed and mathematically applied to yield a much
higher contrast ratio.

FIG. 4C shows the total fluorescence signal from the
serial pulsing of the red and green lasers with only the
BODIPY 523/547 (green dye) present in the cuvette. The
only fluorescence signal observed is time correlated with the
firing of the green laser, which gives the "two-finger"
signature. Unlike that of the BODIPY 630/650, the cross­
talk signal observed from the red laser is negligible on this 35

scale, and further signal amplification revealed it to be
considerably less than 1% of that from the green laser. This
observation is expected because longer wavelength excita­
tion sources should not impose photon absorption on shorter
wavelength dyes (i.e., the red laser does not excite the green 40

dye). This feature illustrates an important and key advantage
of reduced cross-talk of fluorophores using the PME strat­
egy. Consider a four dye system, which is made-up of blue,
green, yellow, and red dyes. The blue dye should not exhibit
cross-talk from the sequential firing of the green, yellow, and 45

red lasers. The green dye, on the other hand, will exhibit
cross-talk from the only blue laser, but not the yellow or red
lasers. The yellow dye will exhibit cross-talk from the blue
and green lasers, but not the red laser and so forth. In other
words, the observed cross-talk on the "blue" portion of the 50

spectrum relative to the absorption/excitation maxima of a
given dye is negated, which is significantly different from
emission cross-talk of blue green, yellow, and red dyes
excited using a single excitation source.

An excellent contrast ratio for the discrimination of two 55

different BODIPY dyes using the PME technology by
detecting all of the fluorescence emission in a true color­
blind fashion is demonstrated. The experiment was designed
using no spectral filtering elements of any kind, and the
signal was taken directly from the oscilloscope in real time 60

without signal averaging or other processing. These data
show that the choice of experimental conditions provided
significant fluorescence signal for which scattered laser light
signals are negligible. Therefore, the 25:1 contrast ratio
observed for this unaveraged raw signal obtained with laser 65

pulses on the msec timescale provides a genuine comparison
of the time correlated fluorescence detection technique.
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Prophetic Example 5

Construction of a Portable 8-capillary PME DNA
Sequencer

blood cells, and white blood cells, of which the latter is used
for analysis. Sample preparation experiments can rely on
commercially available kits and published protocols for
evaluation and optimization.

As discussed hereinabove, sequencing assays are typi­
cally performed in ,uL quantities, but loaded onto commer­
cial capillary electrophoresis instruments in nL quantities.
To minimize wasting direct assay samples, reaction volume
assays will be optimized in a target volume of 1 ,uL. Since
electrokinetic injection will be implemented as the injection
method for each prototype, injection biases will most likely
occur depended on sample purity (Huang et aI., 1988).
Therefore, several solid-phase and affinity-based purifica­
tion schemes will be investigated for producing highly
purified fluorescently labeled SNP assays, which are devoid
of contaminants, such as unincorporated fluorescent termi-
nators, salts, and other electro-competing macromolecules.

In the event that the sensitivity limit of the PME tech­
nology is several orders of magnitude higher than antici-

20 pated (i.e., 106 _to_107 fluorescent molecules), direct detec­
tion from whole blood can still be achieved. This can be
done by increasing the amount of blood analyzed from
1-to-1O mL, and/or performing a linear amplification of the
primer extension assay by temperature cycling, typically

25 used in Sanger sequencing reactions.

a. Construction of 8-APD Detector for a Portable System
A PME DNA sequencer that is portable will be useful for

any applications where there are space limitations or where
it is important to be able to move the sequencer. The
technology to modify the PME DNA sequencer such that it
is portable is currently available. For the portable DNA
sequencer, the optical system developed for the breadboard
will be adapted to become more compact and robust. The
highly efficient dual prism combiner will be initially adapted
to the portable sequencer. Constructed with microbench
components, the optics train will be incorporated into a
4-rail structure, which was developed for the very rigid
needs of laser cavity mirror supports. The commercially
available miniature 4-rail system will also be used to support
the sheath flow cuvette and collection optics. As previously
discussed, commercial diode laser modules are remarkably
compact, typically l"or 2"long, and are generally available

50 with optical fiber coupled outputs. Fiber splitter/combiners
have been developed for laser based communications, and
contingent on this rapidly emerging technology, it may be
feasible to combine the beams and deliver the 4-laser
sources to the sheath flow cuvette in a single optical fiber.

55 For this design, only a conventional achromatic lens will be
needed to project the collimated alternating multicolor beam
through the sheath flow cuvette.

A wide field f/1 (NA -0.5) lens will be used to collect the
fluorescent light from the capillary plumes and project it

60 onto 8 APDs. A microscope objective is often used for this
purpose, but may suffer vignetting and consequent loss of
fluorescence signal from the outermost capillary plumes.
The lens mount will be equipped with opposing adjustment
screws that lock the lens into place after optimization. The

65 light path will be shielded with baffles to reduce scattered
laser light reaching the detectors. An optional liquid crystal
device will be used as an edge filter to block scattered laser

C. Sensitivity Experiments for Direct Detection
Although limited sensitivity information can be obtained

from the 2-color PME system (FIG. 1), more data will be
obtained from conducting sensitivity experiments directly
using the 1-capillary instrument. Subsequent to the identi­
fication of the 4 laser-dye set, but overlapping with the
construction of the 1-capillary instrument, the PME laser
system will be coupled to the electrophoresis device. For
limit of detection assays, both the PMT and the silicon APD
(current and counting modes) will be investigated over a
wide range of fluorophore-Iabeled universal primer concen­
trations. Sensitivity assays will be conducted using free zone 30

and POP-6-based capillary electrophoresis. A unique feature
of the PME system is that limit of detection experiments will
be performed for the 4 laser-dye sets identified previously. It
should be noted that limit of detection experiments are only
informative regarding sensitivity when the test dye is opti- 35

mally excited and producing maximum fluorescence signal.
Sensitivity experiments are not possible or practical using all
four fluorophores with the standard spectrally resolved DNA
sequencing systems because the longer wavelength dyes are
inefficiently excited. Therefore, the limit of detection experi- 40

ments typically published in the literature are performed
using the dye most closely matched to the laser source (out
of the set of four), which is usually fluorescein and the argon
ion laser (Swerdlow et aI., 1990; Drossman et aI., 1990;
Swerdlow et aI., 1990; Zhang et aI., 1999). Here, limit of

45
detection experiments will be performed using all four PME
fluorophores because the lasers are closely matched for
optimal excitation and therefore will produce a more robust
picture for sensitivity with respect to the entire sequencing
chemistry.

d. Development of Rapid Sample Preparation Methods for
Direct Fluorescent Assays from Genomic DNA

The PME instrument should be able to detect as few as
10

4

_to_105 fluorescent molecules. Given that 1 mL of whole
blood contains approximately 106 white blood cells, direct
detection (without the need for amplification of the sample)
of multiple SNPs is possible. Initially, SNP assays will be
performed using standard PCR techniques and diluted
appropriately to simulate direct genomic DNA levels. This
approach will allow the performance of limit of detection
experiments without dependence or delay for the develop­
ment of optimized sample preparation methods and direct
genomic SNP assays.

Sample preparation methods will be developed from
whole blood to be fast, simple, and amenable to direct single
nucleotide primer extension assays. Typically, most methods
involve the fractionation of whole blood into serum, red

b. Construction of the 1-capillary Breadboard Prototype
A 1-capillary electrophoresis unit will be set-up on a

breadboard platform, and the electrophoresis will be driven
initially using a 30kV power supply. A Plexiglas box
equipped with a safety interlock will be constructed to 5

enclose the samples and the running buffers. Initially, elec­
trophoresis will be performed under ambient conditions due
to the nature of the short primer extension products; how­
ever, a temperature controlled heating jacket to improve
electrophoretic resolution will be constructed if necessary. 10

The separation format will use fused silica capillaries (150
,uM OD, 50,uM ID, and 50 cm in length), POP-6 solution as
the separation matrix, and TBE as the running buffer. A
1-capillary sheath flow cuvette will be constructed using the
rectangular, tapered design described by Zhang et al. (1999) 15

and sheath flow will be driven by syringe pump at a flow rate
of approximately 0.3 mL per hour.
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C. Construction of a 96-capillary PME Suitcase DNA
Sequencer

A portable 96-capillary PME DNA sequencer is envi­
sioned as an aspect of the current invention. In one embodi­
ment, the four-laser illumination system described in the

4. Steps 1 through 3 are repeated in sequence for each
laser in the subcycle.

5. The picosecond pulsed excitation and nano-second
gated detection windows cycle continuously.

For a four color system, the above steps would generate
a subcycle time that is 202.2 nanoseconds. This implies that
over an eight second time window, (approximate time for a
labeled DNA band to pass through an ABI 3700 cuvette),
around 40 million complete subcycles would be completed.
The data collected will then be appropriately averaged and
further processed to yield high quality analyzed data.

To conduct these types of experiments, lasers that are
capable of generating very short pulses of sub-nanosecond
duration will be required. Pico-second laser sources are
commercially available from a number of companies includ­
ing Coherent Laser Group, Newport, and PicoQuant. For
example, Coherent has a diode pumped mode-locked laser
with fundamental wavelengths at either 1047 nm, 1053 nm
or 1064 nm, which generates pulses as short as 2 ps. The
second harmonics can easily be generated from picosecond
sources, hence the following wavelengths would be avail-
able: 532 nm, 526.5 nm, and 523.5 nm. Newport also
manufactures a "NanoLaser" that generates sub-nanosecond
green, (532 nm) light, at an average power of more than 6

25 mW.
In addition, an instrument that is capable of counting

photons on a sub-nanosecond time scale will also be needed;
such devices are available from a variety of manufacturers.
For example, "FAST ComTec" produces a single photon
counting instrument, which has resolution on the time-scale
of 500 pico-seconds. Becker & Hickl GmbH also manufac-
tures a four channel correlated single photon counting
device that has resolution down to 813 femto-seconds.
Furthermore, it should be noted that when coupled into an

35 appropriately configured electronic circuit the recovery time
of a silicon avalanche photo-diode detector, (following
illumination by scattered light from a excitation laser pulse),
is of the order of 500 pico-seconds. This rapid recovery time
will permit the effective observation of fluorescence from a

40 dye with a fluorescent lifetime of several nanoseconds in the
complete absence of any laser excitation, i.e. "in the dark".

Four wavelengths can be generated from a single laser, as
opposed to using four synchronized and mode-locked lasers.
This can be done using Stimulated Raman Shifting, (SRS).

An experiment to test the PME-LITD strategy comprises
a simple two-color system. Specifically, a mode-locked
Nd:YAG laser generating 50 pico-second pulses will be
coupled to a Raman cell filled with molecular nitrogen. The
superimposed multi-wavelength output from the Raman cell

50 will be then dispersed and ultimately recombined using a
four-prism assembly. In the middle of the four-prism assem­
bly, (i.e. where the various excitation lines are separated and
traveling approximately in parallel), a pair of electro-optic
modulators will be used to chop the colored

55 pulses-selecting alternate pulses from each beam. The
recombined beams will then be directed into a cuvette
assembly-similar to the prototype described in FIG. 1.
Finally, the time-resolved fluorescence will be detected
using a fast photon counter that looks for photons in a

60 window that spans the range from 0.5 ns-50.5 ns after the
cessation of each laser pulse.

light, as needed; this device has a rejection ratio of about 4
orders of magnitude. Unlike the familiar rotating filter
wheel, the liquid crystal device has no mechanical moving
parts. The liquid crystal filter has a response time of several
milliseconds, so that it will be cycled under computer 5

control along with the 4 lasers, blocking scattered light from
each one in turn, while passing essentially all of the fluo­
rescent light to the color blind APD detectors.

Although it is preferable to imaged fluorescent light
directly onto the APDs, the collection lens, which typically 10

magnifies the image 20x may not be enough to resolve 8
images for detection. One solution is to use a small mirror
or prism affixed to each APD housing, which can deflect the
beam at right angles. This design can be mounted in a
staggered array and thereby reduce this congestion. Indi- 15

vidual gradient refractive index (GRIN) lenses and optical
fiber couplings to each APD will also be considered in the
portable configuration. However, the insertion loss for a
properly coated beam steering prism is about 2%, and it is
most unlikely that the fiber coupling will perform as well. 20

This fiber coupling problem is much more significant for the
projected fluorescent image, which behaves as an extended
source, than it is for a laser beam. Finally, the same rigid
4-rail structure mentioned above will be used to support the
detection system.

The laser and TTL circuit power supplies typically have
a footprint of a few square inches, and the power supplies for
the APDs and the 10 kV electrophoresis modules are slightly
larger, but still only a few inches long. These various
electronic components will be easily positioned beneath and 30

around the capillaries, which will travel around the perim­
eter of the system, thus avoiding sharp bends.

b. PME of Residual Signal
Residual fluorescence may be detected immediately after

very short excitation laser pulses have irradiated the sample.
With such an approach, the lasers will be off during the
period that the fluorescent signal is collected. This may be
particularly important for the development of sequencing on
a chip, because the chip almost inevitably will generate large
amounts of scattered light.

Specifically the intent is to sequentially fire picosecond
laser pulses at a fluorescently labeled DNA sample and then
"look" for a fluorescent response on the nanosecond time­
scale, immediately after the laser pulse ends. This novel 45

approach is a logical extension to the central principle of
operation intrinsic to the core PME technology. This inno­
vative experimental strategy is referred to as "Looking In
The Dark" or "PME-LITD".

The primary advantage of the Looking In The Dark
strategy is the complete elimination of scattered light, which
at low levels of fluorescence is likely to be a main source of
noise in the PME instrument. This technique, if successful,
could have enormous implications for improving the signal­
to-noise ratio and potentially improve the overall sensitivity
of the instrument.

The following example details a simple sequence of
events to illustrate the PME-LITD concept:

1. The first laser in sequence is pulsed for 50 pico­
seconds.

2. A 500 pico-second time delay is applied after the laser
has been switched off Note that during the delay period
no fluorescence is sampled by the detector.

3. A fast photon counter is used to look for any fluorescent 65

response from the labeled DNA during the ensuing 50
nano-second gated window.



US 6,995,841 B2

The following references, to the extent that they provide
exemplary procedural or other details supplementary to
those set forth herein, are specifically incorporated herein by
reference. 60

Anazawa, T, S Takahashi, and H Kambara (1996) A capillary
array gel electrophoresis system using multiple laser
focusing for DNA sequencing. Anal. Chern. 68:
2699-2704.

Barany, F (1991) Genetic disease detection and DNA ampli- 65

fication using cloned thermostable ligase. Proc. Natl.
Acad. Sci. USA 88:189-193.
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8-capillary sheath flow cuvette system will be used for the
96 capillary system. All four alternating excitation lines will
be coaxial and well collimated to facilitate the illumination
of the 96 fluorescent plumes. Although the compact multi­
laser source will remain unchanged, it will not be practical 5

to scale the detection system from 8 APDs to 96 discrete
detectors. A CCD camera, however, will be more suited to
perform this operation. A fast lens such as f/1, with good
imaging quality will be installed for efficient light collection.
A second lens will be used to re-image the light onto the 10

CCD. The computer-controlled liquid crystal filter may be
interposed between the two lenses to block scattered laser
light, if needed. Baffles will be used to minimize stray light,
but there are no restricting apertures that reduce the wide
cone angle of collection, or dispersing elements that further 15

attenuate the signal.
Essentially all of the fluorescent light from one sheath

flow plume will fall on one particular group of pixels, and
these pixels are binned together so they are read out as a
single unit, which will reduce readout noise. Binning of all 20

of the fluorescence from a capillary into effectively one giant
pixel provides a single robust signal from each capillary
plume even when the amount of fluorescing dye is quite
small.

The CCD camera is quite compact, and even with adding 25

thermoelectric cooling to reduce background noise, fitting
the CCD detector into a compact device will not be prob­
lematic. A portable computer will read out the CCD contents
at the end of each laser pulse. For a standard video rate of
30 Hz, the entire cycle frequency of 4 lasers will be 7.5 Hz 30

(5 Hz with the incorporation of a liquid crystal laser
blocker), and this will allow for the data from dozens of
readout cycles to be signal averaged per one elution event.
Following the construction of the CCD suitcase system,
detailed limit of detection experiments will be performed to 35

compare it to the performance of the 8-capillary APD
suitcase prototype.

All of the methods disclosed and claimed herein can be
made and executed without undue experimentation in light
of the present disclosure. While the compositions and meth- 40

ods of this invention have been described in terms of
preferred embodiments, it will be apparent to those of skill
in the art that variations may be applied to the methods and
in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit 45

and scope of the invention. More specifically, it will be
apparent that certain agents which are both chemically and
physiologically related may be substituted for the agents
described herein while the same or similar results would be
achieved. All such similar substitutes and modifications 50

apparent to those skilled in the art are deemed to be within
the spirit, scope and concept of the invention as defined by
the appended claims.
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10. The apparatus of claim 1, wherein said sample IS

comprised in at least one capillary.
11. The apparatus of claim 1, wherein said sample IS

comprised in at least 4 capillaries.
12. The apparatus of claim 11, wherein said sample is

comprised in at least 8 capillaries.
13. The apparatus of claim 12, wherein said sample is

comprised in at least 16 capillaries.
14. The apparatus of claim 13, wherein said sample is

10 comprised in at least 48 capillaries.
15. The apparatus of claim 14, wherein said sample is

comprised in at least 96 capillaries.
16. The apparatus of claim 15, wherein said sample is

comprised in at least 384 capillaries.
17. The apparatus of claim 1, further comprising a sheath

15 flow cuvette.
18. The apparatus of claim 1, wherein the timing program

comprises a delay between the firing of each laser of
between about 10 femtosecond and about 5 seconds.

19. The apparatus of claim 18, wherein the timing pro­
20 gram comprises a delay between the firing of each laser of

between about 1 millisecond and about 100 milliseconds.
20. The apparatus of claim 18, wherein the timing pro­

gram comprises a delay between the firing of each laser of
between about 50 ps and about 500 ps.

21. The apparatus of claim 1, wherein at least one or more
of the excitation lines is pulsed.

22. The apparatus of claim 21, wherein said pulsed
excitation line is controlled by transistor-transistor logic
(TTL).

30 23. The apparatus of claim 21, wherein said pulsed
excitation line is controlled by mechanical or electronic
means.

24. The apparatus of claim 22, wherein said apparatus
generates a sequence of discrete excitation lines that are
time-correlated with the fluorescence emission signals from

35 the sample.
25. The apparatus of claim 1, wherein at least one of the

lasers comprises a diode laser.
26. The apparatus of claim 1, wherein at least one of the

lasers comprises a semiconductor laser.
27. The apparatus of claim 1, wherein at least one of the

lasers comprises a gas laser.
28. The apparatus of claim 1, wherein at least one of the

lasers comprises a diode pumped solid state laser.
29. The apparatus of claim 28, wherein at least one of the

45 solid state lasers comprises a Neodymium laser.
30. The apparatus of claim 1, further comprising a Raman

shifter in operable relation with at least one laser beam.
31. The apparatus of claim 1, wherein the excitation

wavelength provided by each laser is optically matched to
50 the absorption wavelength of each fluorophore.

32. The apparatus of claim 1, wherein the detector com­
prises a charged couple device.

33. The apparatus of claim 1, wherein the detector com­
prises a photomultiplier tube.

34. The apparatus of claim 1, wherein the detector com­
prises a silicon avalanche photodiode.

35. The apparatus of claim 1, wherein the detector com­
prises a silicon PIN detector.

36. The apparatus of claim 1, wherein the footprint of said
60 device is less than 4 ftx4 ftx2 ft.

37. The apparatus of claim 36, wherein the footprint of
said device is less than 1 ftxl ftx2 ft.

38. The apparatus of claim 36, wherein the footprint of
said device is less than l-inx3-inx6-in.
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What is claimed is:
1. A pulse-multiline excitation apparatus for analyzing a

sample containing one or more fluorescent species, com­
prising:

one or more lasers configured to emit two or more
excitation lines, each excitation line having a different
wavelength;

a timing circuit coupled to the one or more lasers and
configured to generate the two or more excitation lines
sequentially according to a timing program that pulses
the one or more lasers on and off in a firing sequence
to produce time-correlated fluorescence emission sig­
nals from the sample;

a non-dispersive detector positioned to collect the time- 40

correlated fluorescence emission signals emanating
from the sample; and

an analyzer coupled to the detector and configured to
associate the time-correlated fluorescence emission sig­
nals with the timing program to identify constituents of
the sample.

2. The apparatus of claim 1, wherein the detector and the
analyzer are integral.

3. The apparatus of claim 1, wherein the two or more
excitation lines intersect at the sample.

4. The apparatus of claim 1, wherein the two or more
excitation lines are configured so that the two or more
excitation lines do not intersect in the sample.

5. The apparatus of claim 1, wherein the two or more
excitation lines are configured so that the two or more
excitation lines are coaxial.

6. The apparatus of claim 1, further comprising an assem­
bly of one or more prisms in operative relation with the one
or more lasers and configured to render radiation of the two
or more excitation lines substantially colinear.

7. The apparatus of claim 1, further comprising at least
four excitation lines having four excitation wavelengths.

8. The apparatus of claim 7, further comprising at least
eight excitation lines having eight excitation wavelengths.

9. The apparatus of claim 8, further comprising at least
sixteen excitation lines having sixteen excitation wave­
lengths.


