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(57) Abrége/Abstract:

An Improved Instrument that consists of an optical analyser and a fluid switch using light scatter and fluorescence means to
optically identify and activate fluidic sorting of multicellular organisms from live populations of organisms such as various life
cycle stages of Caenorhabditis elegans, the larval stages of Drosophila melanogaster, and the embryonic stages of Danio rero.
In the case where fluorescence from these organisms Is very weak, comparatively high levels of electronic noise accompany the
electronic signhals that are generated by the fluorescence detector and its associated circuitry. Because these weak signals
cannot be used to mark the presence of an organism, another, less noisy, sighal must be used to gate fluorescence detection. A
gate derived from the low-noise light scatter signal from the organism collected over an acceptance angle of at least 20 degrees.
Such a light scatter signal unambiguously gates even weak fluorescence signals. These signhals can then be correlated with
position along the major axis of elongate, multicellular organisms and used as enhanced analysis and sorting parameters.
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(57) Abstract

An improved instrument that consists of an optical analyser and a fluid switch using light scatter and fluorescence means to optically
identify and activate fluidic sorting of multicellular organisms from live populations of organisms such as various life cycle stages of
Caenorhabditis elegans, the larval stages of Drosophila melanogaster, and the embryonic stages of Danio rero. In the case where
fluorescence from these organisms is very weak, comparatively high levels of electronic noise accompany the electronic signals that are
generated by the fluorescence detector and its associated circuitry. Because these weak signals cannot be used to mark the presence of an
organism, another, less noisy, signal must be used to gate fluorescence detection. A gate derived from the low-noise light scatter signal
from the organism collected over an acceptance angle of at least 20 degrees. Such a light scatter signal unambiguously gates even weak
fluorescence signals. These signals can then be correlated with position along the major axis of elongate, multicellular organisms and used

as enhanced analysis and sorting parameters.
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AXIAL PATTERN ANALYSIS AND
SORTING INSTRUMENT FOR
MULTICELLULAR ORGANISMS

EMPLOYING IMPROVED
LIGHT SCATTER TRIGGER

BACKGROUND OF THE INVENTION

The present application is based on and claims priority from US.

Provisional Application No. 60/112,280, filed December 15,1998.
1. Field of the invenrion

The present application concarns instumenrs to analyze and separate
objects suspended in a fluid —specifically such instruments optimized to analyze

and separate elongated muiticeflular organisms.
2. Description of Related Ary

The present mvention pertains to high-speed mechanisms for automatically
identifying and physically selecting multicellular organisms with certain spatially
distinct, optically detectable, phenotypic characteristics from mixed populations.
Examples of applicable multicellular organisms are all stages of Caenorhabdinis

¢clegans, Drosophila melanogaster (fruit fly) larvae, or Damio rero  (zebrafish)
embryos. These are useful as mode] organisms for human disease and functional
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genomucs studies. Examples of spatially distinct, optical characteristics are: the
localized expression of DNA encoded fluorescent protein molecules, localized
variations of the index of refraction or granularity, or localized variations in specific

binding sites (receptors) for optically labeled antibodies. lectins, or other specific

5  ligands.

Intact multicellular organisms, such as C. elegans, D. melanogaster larvae, or

D. rero embryos are frequently used as model systems to help understand the function

of human genes that have been implicated in disease. Human gene homologues have

been 1dentified in these model organisms and mutations have been induced specifically

10 1n those gene homologues. Such mutations frequently result in an easily observable
phenotypic change in the model organism and it has been shown that certain mutants
respond to pharmacological compounds and these responses collaterally produce

optically detectable changes in the organism.

Mutants of intact organisms are now used as a new class of in vivo drug

15  screens for libraries of 'potential pharmacological compound produced through use of
combinatorial chemical methods. With these organisms, one can identify targets for

drug intervention without the need to completely understand complex biochemical
pathways that relate the genome to the phenotype. This allows rapid and economical
screenings of the compound libraries for new and useful human drugs while limiting

20  politically controversial testing on mammals.
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The exposure of model organism mutants to diverse drug compound libraries,
even when the specific mutations involved have not yet been linked to human gene
homologues also helps define gene function. The addition of such functional genomic
techniques to the repertoire of molecular biology and biochemistry methods can greatly
accelerate the drug discovery process. Investigators can annotate drug libraries for

toxicity, non-specific activity, or cell membrane permeability by observing their

behavior in intact organisms. This way, toxic or ineffective libraries and/or library

members can be discarded at an early stage without wasting valuable resources.

While model organisms such as the nematode C. elegans, the fruit fly D.
melanogaster, and the zebrafish D. rero have been proven useful in the study of
human disease, they have not yet been successfully used in the field of high speed,
high throughput drug discovery. Until now high-speed preparation and analysis
techniques have been missing for these large organisms. This presents a roadblock to
Investigators that need to search through thousands of multicellular organisms for a
new mutation or for response to a given sample drug. For example, with today's
molecular biology techniques, a large laboratory can produce deletion mutations in a
multicellular test organism at a rate of 20 to 30 per month. Then, in order to evaluate
the effect of a chemical compound library (that frequently contains 100,000 discrete
compounds) on a class of mutated organisms, one must first manipulate and deposit a
precise number of organisms of the mutant strain and the same development stage into

various containers such as wells of a microtiter plate array. Wild type or deviants from

R STTS L7 qpepprrey
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the desited mutant strain, or organisms at a different development stage must be
eliminated. Using slow, manual methods, the selection and deposition of arganisms of

the proper type is a bottieneck in time to the entire process of drug discovery.
Additionally, manual methods rely on pipettes that dispense accurate volumes of fluid
but not accurate numbers of arganisms. In many studies where reproduction rate is
altered by the mutation, it 1s necessary to begin the study of the effect of a compound
fromn the combinatorial library with an exact, and known number of multicellular
arganisms in each well. This is, at best, a daunting requirement.

In addidon t© the need for rapid preparative methods there is a need for
rapid analysis methods. For example, if a mutant strain ar expression system can
be characterized by a spatial pattern of fluorescence ar staining, then the effact of

currently carred out marmally with the fluarescent microscope. This is an
extremely tedious task requiring a significant number of warkers that are trained
at very high academic levels.

Co-pending United States Patent Application Serial No.
09/378,634, filed 20-August-1999, describes an instumentation system for

the rapid analysis and sorting of multicellular organisms using optical
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characteristics such as light scatter and fluorescence to classify each organism in a
flowing stream. A single value of fluorescence intensity at a given emission
wavelength is detected and assigned to each organism. The present invention is an
improvement that enables a flow analyzer and sorter to localize and report not only the
intensity but also the position of fluorescence along the major (long) axis of the

organism and use this new spatial information to sort the organisms.

If a mutant strain or transgenic organism is characterized by a stable, spatial
pattern of fluorescence, staining or other optically detectable characteristics, then the
effect of therapeutic compounds or toxic environments on these strains can potentially
be determined by monitoring changes in these spatial patterns. Discrimination of one
pattern from another is currently carried out manually with the fluorescent microscope.
This 1s an extremely tedious task requiring a significant number of workers that are
trained at very high academic levels. Automating the detection of spatial patterns of

fluorescence will improve the objectivity and the speed of measurement.

Flow instruments have been used before to count the number of nematodes in a
fluid volume. Such a device was described by Byerly et al (L. Byerly, R.C. Cassada,
and R.L. Russell, “Machine for Rapidly Counting and Measuring the Size of Small
Nematodes”, Rev. Sci. Instrum. Vol. 46, No. 5, May 1975) where the flow cytometer
employed sheath flow to orient the nematodes along the direction of flow so that their
size could be measured and organism-by-organism counts could be made by an

electrical impedance method. The device was similar to a commercial Coulter counter.

R T T TV
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The present invention differs from the Byerly device in that it can provide a device that
selects and deposits (sorts) specific organisms. The present invention is also not limited
to using an impedance sensor, which can only estimate overall size, but instead uses

optical sensing to spatially resolve localized features along the major axis of the

organism and use these to analyze and sort.

An optical flow instrument for analyzing elongate organisms such as plankton

with widths of 500 um and lengths over 1000 um has been described with sheath flow
to achieve orientation of the plankton. (J.C. Peeters, G.B. Dubelaér, J. Ringelberg,
and J.W. Visser, “Optical Plankton Analyser: a Flow Cytometer for Plankton
Analysis, I: Design Considerations” Cytometry 1989 Sept 10 (5): 522-528: and G.B.
Dubelaar, A.C. Groenwegen, W. Stokdijk, G.J. van den Engh, and J.W. Visser,
“Optical Plankton Analyser: a Flow Cytometer for Plankton Analysis, II:
Specifications”, Cyrtometry 1989 Sept 10 (5): 529-339). The size range of the plankton
used in these optical flow cytometers is similar to that encountered with C. elegans
nematodes, fruit fly larvae, and zebrafish embryos; however there is no provision that

avoids the ambiguous light scatter signals that are eliminated by the present invention.

IMMARY OF TH] “NTTON

The present invention uses a fluid flow stream to orient elongate, multicellular,
organisms and a narrowly focused, stationary, optical beam to scan them along their

major axis as they flow. Features such as cell density, refractility, granularity, and

Ao/ i At s oA SALSIAASASEE. A s e e 2 _aaa _ _____ _____ __aaaag
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physical selection and deposition of phenotypes with desired characteristics, or it
can be used to determine alterations in gene expression caused by test toxic or

. therapeutic compounds as found in combinatorijal chemistry libraries.

noisy, signal must be used to gate fluorescence detection. Axial light loss might be
used as such a gate. Another preferred gate can be derived from the low-noise
15  light scatter signal from the organism. However, conventional light scatter gating,

20 correlated with position along the major axis of elongate, multicellular organisms
and used as enhanced analysis and sorting parameters.

deiﬁonalopﬁcalﬂowcymmetasamlyzeandsortsmaﬂpar&desandsingle

cells in liquid suspension by detecting light scatter within (over) narrow cone or solid
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angles at various angles to the incident optical beam and fluorescence emission at
various wavelengths. Information about cell size and structure can be derived from
hight scatter collected at different angles. For example, information about size can be
derived from light scatter detected at low angles relative to the incident optical beam
while information about internal cellular granularity can be derived from light scatter
detected at a wide angle (near a right angle) relative to the optical beam. Further, the

prior_art shows that size of the granular structures to be detected determines the angle

and acceptance cone for optimal wide-angle detection.

Light scatter signals collected at specific angles and over narrow cone angles
are also used to gate detectors of weak fluorescence from single cells. Weak
fluorescence signals cannot be effectively used to mark the presence of a cell in the
optical beam because high levels of electronic noise accompany these signals. Noise
spikes frequently exceed the threshold level for fluorescence detection and produce
false readings that are confused as weakly fluorescing cells. To avoid this, flow
cytometers generally use signals from one or more detectors situated to detect light
scatter at one or more angles relative to the beam to produce relatively noise free
signals that can effectively discriminate against false fluorescence from electronic

noise, and gate true fluorescence from cells (The reader attention is drawn to U.S.

Patent 4,284,412).

It 1s key to the use of these light scatter detectors as fluorescence gates that

their solid angle of detection be narrow. For example, so-called “low angle forward
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scatter” (LAFS) detectors are frequently placed as close as 0.5 degrees to the optical
axis and collect light only within a one degree cone. Wide-angle light scatter detectors
are frequently placed at positions ranging from approximately 10 degrees to 90 degrees
off axis and also collect light within small cone angles of less than five degrees. If the
cone angle of collection 1s not kept as small as possible, then information about
granularity and size can become merged. Under these conditions for example, large

cells become indistinguishable from small cells and granular cells become

indistinguishable from non-granular cells of the same size.

When narrow acceptance cone light scatter (NACLS) detectors are used to
monitor the passage of multicellular organism such as C. elegans, three problems arise
that do not occur with single célls such as blood cells. First, it is found that the light
scatter signal does not necessarily rise above baseline (zero) at the beginning of the
passage of the organism through the optical beam, but instead rises at an unpredictably
later time. Second, it 1s found that the light scatter signal does not necessarily return to
baseline (zero) at the end of the passage of the organism through the optical beam, but
instead returns at an unpredictably early time. Third, it is also found that the light
scatter signal frequently returns to baseline (zero) at one or more unpredictable times

while the organism is in the beam.

Therefore, the most basic effort to size multicellular organisms based on their
“time of flight” through the analysis light beam is thwarted by this unpredictable

behavior of light scatter signals that are collected over narrow cone angles.
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Furthermore, the narrow cone angle light scatter signals that start late are not
useful for gating weak fluorescence signals. Fmally, the narrow cone angle light

10 mvention is to collect scattered light over a wide solid angle such as one of at least
0.01 m radians (20° acceptance angle). This provides a light scatter signal that
becomes positive accurately at the time the arganism enters the beam, remains
unambiguously above baseline while the organism i1s in the beam, and returns to
baseline accurately at the time the organism exits the beam. This aspect of the

I35

20
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easily distinguishable in brightness, but the vulva is located near the midpoint of
- the organism and the copulatory bursa is Iocated ity the tail. Thus, axial 1o¢ation of
fluarescence becomes the parameter for differentially analyzing and sorting males
and hermaphrodites. This is illustrated schematically in F igure 3 where two
10 oscilloscope traces are shown for single organisms. One trace (Fig. 3A) has a
fluorescent peak near the midpoint, and the other (Fig. 3B) has a fluorescent peak

at the tail.
Since there is no fluorescent signal to mark the beginning of the organism
in the oscilloscope traces of Figure 3, a means must be established to mark the

15 begmnmgand end of the passage of the organism through the light beam. This is
done by the use of the wide acceptance cone, light scatter (WACLS) signal. The

20 Sampling stops when the WACLS signal drops below threshold, denoting the end
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10 each detector and rows of data for each sampling interval.

S1 S2 S3 Sn Fl F2 F3 Fn
T1 0 0 0 0 0 0 0 0
T2 al 0 cl 0 e2 0 0 0
13 a2 b2 c2 d3 0 3 g3 0
T4 a3 0 c3 d4 0 f4 0 0
TH a4 b4 0 0 0 5 0 0
Inl [an-1 O 0 0 0 0 gn-1 0
Tn 0 0 0 0 0 0 0 0

15
“tail” of the organiam (see Fig 1).
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10

ue&ndsd&emozdammfmmphodi&ﬁg.SA)mﬂmh(ﬁgSB)Cekgmsas
measured by the instrument of the present invention.

Figure 4A shows an actual oscilloscope traces from a NACLS (lower trace) forward
15  light scatter detector placed at a 45 degree angle relative to the optical axis and a fltcrescence
detector (zpper trace) placed at right angles (ninety degrees) relative to the optical axis.

Figure 4B shows an actual csdllloscope traces from a NACTS (lower trace) forward

20
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DETAILED DESCRIPTION
QF THE PREFERRED EMBODIMENT:
10 The following description is provided to enable any person skilled in the

art to make and use the invention and sets forth the best modes contemplated by
the inventor of carrying out his invention. Various modifications, however, will

15 gating devices and methods for use with an optical analyzer/sorter designed for
elongated multicellular organisms.

The flow scanning experimental svstem

An mstrument such as that shown schematically in Fig. 1 was constructed

with an interchangeable pair of lasers (argon ion and helium-neon) as the light source.

PR I P e e L A T - A PR A e - e AT
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Detection was carried out variously with silicon photodetectors and photomultipliers.
The flow cell was rectangular with a square cross-section capillary measuring 250 um

on a side for use with C. elegans. The flow cell capillary was 1000 um on a side to
accommodate first through third instar, D. melanogaster larvae. Sheath flow is used to

orient these elongate organisms as they emerge from the sample nozzle and enter the

flow cell capillary.

This capiliary flow cell is located at the line focus of the laser beam. Fig. 2
diagrammatically shows the geometric relationship of the flow and the various optical
beams. The fluorescent light is collected by simple aspheric lenses or microscope
objectives and passed through emission filters to photomultipliers. By virtue of the

focused laser beam and the collection lenses, the flowing organism is optically scanned

as 1t passes through the focus.

Simultaneous NACLS and fluorescence from C. elegans

A light scatter sensor was placed at various angular positions with respect to
the optical axis in the forward scatter direction. The collection cone angle was
approximately six degrees (NACLS). A photomultiplier with a 20X-collection lens and

a barrier filter optimized for fluorescence from GFP was used on the fluorescence

detector. The C. elegans that were used for this illustration expressed GFP at two

locations 1n the “head” and nowhere else. The oscilloscope traces for light scatter and

fluorescence are shown in Figs 4A and 4B.
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The traces show the passage of the organism through the line focus laser beam.
The lower trace 1 1s the light scatter signal and the top trace 2 is the fluorescence
signal. The x-axis is time. Figure 4A is typical of a class of light scatter trace observed
with a NACLS detector. The detector was placed at a 45 degree forward light scatter

angle directly below the laser beam axis (below the horizontal plane in Fig. 2) as it

emerged from the flow cell. No scattered light from the flow cell structures themselves

- -was incident on the detector. The NACLS signal appears to rise at the proper time.

The onset of the NACLS trace and the weak autofluorescence trace from the anterior
structures of the nematode coincide. The NACLS signal appears to return to baseline
after the fluorescent head passes. Unfortunately, the trace returns to baseline
approximately during the middle of the passage of the nematode as well. This would
give the false impression that two organisms had passed rather than one. This NACLS

signal demonstrates the need for a new, unambiguous trigger and timing signal.

Figure 4B 1llustrates another problem associated with improper placement of a
light scatter detector for triggering. In this example, the same detector was placed in
the horizontal plane of Fig. 2, but at an angle of 45 degrees to the forward direction.
In this case, stray, scattered light from the capillary was incident on the detector. A
baseline restoration circuit was used to zero out this light level. The NACLS trace
shows a false return to baseline that is caused by the acceptance cone angle being too
small, and in addition a place where the signal becomes negative. The negative going

region is caused when stray light from the flow cell is blocked by the nematode to an

S bl L1 M s | T R bk Jke 4 U F i T S R ST - AR il £re Pt h Rt BT SRS ke - A AL e TR TPV AT 5 -SRI SR/ A . - - 21 Cre e r Vb s ) a8 v s sy A MO, R S sl 4 Subier v eniel - M tubbbule s S Furslech-#r Bac 8- -7 147 ol by et o rLIvy




Mar-06-01

CA 02355709 2001-06-15

04:14pm  From-HOGAN & HARTSON . 2133376807 T-852 P.011/015  F-033

-18-

extent that there is more light blockage than there is light scatter. This signal

could not be used as a trigger or timing signal for two reasons. The first is that the

light scatter detector for triggering. In this case a sensor was place directly on axis
and in the laser beam. The object was to measure light blockage (extinction) by the
orgarusms. Light extinction is a possible alternative to the preferred WACLS
10  trigger of the present invention. The test C. elegans had a single weak region of
fluorescence at a neuronal location in the head located slightly posterior to the tip
of the “nose”. A 40X objective was used to collect more light since this organism

was very weakly fluorescent. The extinction sensor collected light over a two
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several times wider cone angle than in the previous examples. The photomultiplier

with a 40X collection lens and a barrier filter for green fluorescence protein was used

to detect fluorescence since the fluorescence signal was very weak.

Figure 6A shows a WACLS signal on the lower trace and the associated
fluorescence signal on the upper trace. Note that the WACLS signal begins and ends at
the proper time and does not return to baseline during the passage of the nematode.
This was a consistent and systematic observation so long as the acceptance angle was
sufficiently wide and light from the illuminating beam or the scatter detector did not
collect stray light. The particular C. elegans used for this example expressed
fluorescence along its entire length with 5 to 6 points along the axis where the
expression was locally stronger. Some evidence for these local peaks can be seen in the
fluorescence trace. The WACLS signal begins and ends at the proper time and does
not return to baseline during the passage of the nematode through the laser beam.
There were no exceptions to this observation when over 500 nematodes were analyzed.
In the examples of useless trigger signals described above almost half of the signals

returned to baseline improperly.

Fig. 6B also shows the traces for a C. elegans with very weak fluorescent
protein expression. There is a low level of autofluorescence throughout the length of
the organism and two local regions of weak expression near the tail. The WACLS
signal begins and ends at the proper time and does not return to baseline during the

passage of the nematode through the laser beam. The fluorescence signal is far too
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noisy to serve as a self trigger and timing signal, however the ansat and end of the
WACLS signal is strang and unambiguous, and could be used to time and guide
an analysis of the flucrescence trace to the location of the rwo weak peaks.

In addition to the equivalents of the claimed elements, obvious

5 substitutons known to ane with ordmary skill in the art are defined to be within
the scope of the defined elements. The claims are thus to be understood to include
what is specifically illustrated and described above, what is conceptually
equivalent, what can be obviously substtuted and also what essentially
incorparates the essential idea of the invention. The illustrated embodiment has

10  been set forth only for the purposes of example and that should not be taken as
lmitng the invention. Therefore, it is to be understood that, within the scope of

the appended claims, the invention may be practiced other than as specifically
described herein.
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CLAIMS
What [s Claimed Is:
1. An instrument for anaiyzing and selectively dispensing

objects of the type wherein the objects are elongate multicellular organisms
from a source containing multicellular organisms in a fluid suspension,
wherein said multicellular organisms are made to flow through an optical
5 beam after being oriented relative to a diraction of low, the instrument
characterized in that passage of sai& organisms through the optical beam is
detected by a first optical detector which detects light scattered by the
elongate multicellular organisms over a solid angle of at least 0.01 =
steradians, additional optical detectors for detecting sequential optical
10 characteristics arrayed along a length of the multicellular organism, means for
creating a data representation of the sequential optical characteristics, means
for analyzing said data representation and a fluid switch downstream of a
point where said organisms pass through said optical beam, said switch
adapted so as to respond to the means for analyzing to allow a detected

15 organism to pass to a sample container.
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2. The instrument of Claim 1, wherein said additional
detectors are configured to be switched by an output of the first optical
detector so as to produce outputs only when the first optical detector detects

the passage of one of said multicellular organisms through the optical beam.

3. The instrument of Claim 2, wherein the means for
creating is adapted to operate upon the switched outputs of the additional

detectors.

4. The instrument of Claim 1 further comprising a controller
connected to the fluid switch operative to cause said switch to select

multicellular organisms having data representations meeting predetermined

‘criteria.
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S. A method of selectively dispensing elongate multicellular
organisms of the type which includes the steps of centering and orienting said
organisms In a flowing fluid stream passing through an optical sensing zone
characterized by detecting the presence of a multicallular organism in the
sensing zone by means of a light scatter sensor that has an solid acceptance
angle of at least 0.01 = steradians, by switching output signals from additional
optical sensors with an output of the light scatter sensor, by creating a data
representation of - sequential” optical * characteristics “ of the miulticellllar
organism passing through the sensing zone, by analyzing the data

representation to select a detected organism, and by controlling a fluid switch

so that the selected organism is allowed to pass into a sample container.

6. The method of Claim 5, wherein the detected organism is

allowed to pass into a test chemical or a test environment.

7. The method of Claim 5 further comprising the step of
exposing the muiticellular organisms to a test chemical or a test environment

prior to passing through the optical sensing zone to determine whether the

data representation is altered by the test chemical or the test environment.
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8. A data structure representative of an oriented elongate
multicellular organism containing indicia of sequential optical characteristics
disposed along a length of said organism, said data structure comprised of
stored sequential outputs derived from optical sensors arranged to receive

5 optical energy emanating from the elongate muiticeliular organism as said

organism passes through an optical beam wherein a signal from a light scatter
sensor that detects light over a solid angle of at least 0.01 n steradians is

used to create the data structure.”
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