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NOVEL OPTICAL ARCHITECTURES FOR MICROVOLUME 
LASER-SCANNING CYTOMETERS 

Background of the Invention 

5 Microvolmne laser scanning cytometry (MLSC) is a method for analyzing the 

expression of biological markers in a biological fluid. See, e.g., U.S. Patent Nos. 

5,547,849 and 5,556, 764; Dietz et al., Cytometry 23: 177-186 (1996); U.S. Provisional 

Application 60/144,798, filed July 21, 1999, each of which is incorporated herein by 

reference. A sample, such as blood, is incubated in a capillary with one or more 

10 fluorescently·labeled probes that specifically binds to particular biological markers, sl1cb 

as membrane proteins displayed on the surface of a blood cell. The sample is then 

analyzed by a MLSC instrument, which scans excitation light from a laser over the sample 

along one axis. of the capillary, while the capillary itself is moved in an orthogonal axis by 

an automated stage. Fluorescent probes in the sample emit Stokes-shifted light in 

15 response to the excitation light, and this light is co11ected by the cytometer and used to 

form an image of the sample. In such images, the cells or particles that bind to the 

fluorescent probes can be identified and quantitated by image analysis algorithms. The~ 

resulting infonnation on the expression of biological markers in the sample can be used 

for diagnostic and prognostic medical purposes. 

20 Current laser scanning cytometers are based on the flying spot confocal laser 

scanner. These systems scan a laser excitation light spot in one dimension a.Cross the 

sample using a rotating or reciprocating mirror, such as a mirror mounted on a 

galvanometer. The sample is translated in a direction orthogonal to the scan direction. 

The collimated excitation laser light follows an epi-illumination path through the 

25 microscope objective and is focused on the sample and the mirror scan center is imaged 

upon the entrance pupil of the microscope objective. Emitted light from the sample is 

then collected by the microscope objective, and re-traces the excitation light path back to 

the scanning mirror where it is descanned. The emitted light passes through a dichroic 

filter and a long-pass filter to separate out reflected excitation light, and is then focussed 

30 onto an optical detector through an aperture. The aperture serves as a spatial filter, and 

reduces the amount of out-of-focus light that is introduced into. the detector. The wider 

the aperture, the greater the depth of focus of the system. The detector generates a signal 

that is proportional to the intensity of the incident light. Thus, as the laser scans the 
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sample, an image is assembled pixel-by~pixel. This optiealarchitecture is typically 

referred· to as confocal fluorescence detection. 

· In order to detect multiple fluorescence probes, the laser scanning cytometry 

system can also includ~ dichroic filters that .separate the einitted light into its component 

5 wavelengths. Each distinci'wavel~gth is imaged onto" a separate detector through a 
. . . . . . . . . . ' . 

separate aperture. In this way, an image of the sample is assembled pixel-by-pixel for 
. . ' 

each emitted wavel~gth. The hldividwil images are termed channels,. and the final multi-

color image is obtained by merging the individual channels. 

The use of oonf~cal. ~hannel fluorescence detectfon :for MLSC is illustrated 

10 schmllatically in FIGURE 1, and is described in the United States Provisional Patent 

. - Application entitled "Improved Systel'.ll for Microvolume Laser Scanning C}rtometry", ·.·. 

filed July 2 l, 1999, uic~womted herein by refe~ce in. its enmety and attached hereto as 

Appendix A. In this· emb~dlnlent, ·the light from a laser is sc8nned over a: capillary array 

wherein each capillary· ~o~tains. a ~ample that contains floorescently~labeled species. 

15 Specifically, collimated excitatimllight is provided by a H:e~Ne laser. The collimated 

laser llght is deflected by an ~xcitation cliCllroic filter. Upon reflection, the light is 

incident on a galvanometer~veri scan mhror. The sC,ail mirror can be rapidly oscillated 

over a fixed range of an~les, by the galvanometer e.g. +/- 2.5 degrees. The sc~ng 
mirror reflects the incidep.f1ight into tw~ relay lenses th11t image the scan muror onto the 

20 entrance pupil of the microscope objective. ·This optical configuration converts a specific 

scanned angle at the mirror to a specific field position at the rricus of the microscope 

objective. The angular sweep is typically chosen to result in a lmm scan width at the 

objective's ·focus~ The relationship between the scan angle 8nd the field position is 

essentially linear in this configuration alld over this range. of angles. Furthermore the 
' . . 

25 mieroscope objective focuses the incoming collimated beam to a spot at the objective's 

focus plane .. The spot dwneter, which sets the optical resolution, is detennined by the 

diameter of the collimated beam and the focallength of the objective. Fluoreseence 

samples placed in a capillary.array in the path of the swept excitation beam emit stokes­

shifted light. This light is collected by the objective and collimated. This collimated light 

30 emerges from the two relay lenses still collimated and imping~s upon the scan mirror 

which reflects and descans it. The stokes-shifted· light then passes through an excitation 
. . .. 

dichroic filter (most excitation light reflected within the .optics to this point is reflected by 
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this dichroic) and then through long pass filter 1 that further serves to filter out any 

reflected excitation light. Fluorescence dichroic filter 1 then divides the two bluest 

fluorescence colors from the two reddest ·The two bluest colors are then focussed onto 

aperture 1 in order to significantly reduce any out-of-focus fluorescence signal. After 

5 passing though the aperture, fluorescence dichroic 2 further separates the individual blue 

colors from one another. The individual blue colors are then parsed to two separate 

photomultipliers 1 and 2. The two reddest colors are focused onto aperture 2 after being 

divided from the two bluest colors by fluorescence dichroic 1. After passing through 

aperture 2, the reddest colors are separated from one another by fluorescence dichroic 3. 

10 The individual red colors are then parsed to photomultipliers 3 and 4. In this way, four 

separate fluorescence signals can be simultaneously transmitted from the sample held in 

the capillary to individual photomultiplier light detectors (PMTl-4). Each photomultiplier 

generates an electronic current in response to the incoming fluorescence photon flux. 

These individual currents are converted to separate voltages by one or more preamplifiers ·· 

15 in the detection electronics. The voltages are sampled at regular intervals by an aiialog to ·· 

digitial converter in order to determine pixel intensity values for the scanned image~ 

Other ways are known in the art for obtaining multi-channel infonnation in the 

microscopy context. For example; it is known in the art to use tluorophores thatemitlight 

with overlapping emission spectra but with different time constants of emission~ Time-

20 resolved microscopy systems typically use very fast laser pulses and high speed detection· .. 

circuitry to resolve, in the time-domain, the nanosecond-scale time signatures of the 

tluorophores. Alternatively, the measurement can be accomplished in the frequency 

domain with amplitude-modulated laser sources and detection circuitry that measures 

phase shift and modulation amplitudes. Both of these techniques add significant· 

25 complexity to the fluorescent measurement system. 

Typical MLSC instruments use photomultiplier tubes (PMTs) as light detectors. 

PMTs are cost-effective and have high data read-out rates which allow the sample to be 

scanned swiftly. However, a major drawback of the PMT is its low quantum efficiency .. 

For example, in the red to near infrared region of the electromagnetic spectrum, PMTs 

30 have quantum efficiencies ofless than 10%, i.e., less than one phoron in ten that impacts 

the PMT is actually detected. 
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In order to have high sensitivify and high meas'ilrenient speed, it is desirable to use 

high power laser sources .. For each flu,orophore, there is a proportional relationship · 

betw~n the intensity of the excitation ilb.unination and the intensity of the emitted light. 
•' ' 

This .ptoportionality oW,y applies up to the point= at which th~ fluorophore is saturated. At 

. 5 this point, the ground state of the flucirophore is essentially depleted, and all fluoropbores 

exist in the excited electronic configuration. Increasing laser power beyond the saturation 

point does not increase the intensity of the emitted. light This effect is especially 
. ·- .. : .. .. ·.·• .. 

pronouneed with fluorophores that have long fluorescent lifetimes, such as inorganic · 

fiuorophores, and for quantum dot nanocrystals. These molecules saturate at relatively 

10 = low power densities becaus~ oftl:ieir long time const.ants offluorescence emission. Other 
. ' ·.· ·.·· ' . . . 

undesired processes can occur at higher laser pow~, including photodestruction and · 

intersystem. CrQSsing. In manY applications, it is desirable to operate at power densities 

somewhat below saturation. 

In an attempt to i~ase the speed with which confocal images can be acquired, 

15 microscope systems have been developed in which a continuous line of laser excitation 

light is scanned across the sample, rather than a single spot. The line of emitted light that 

·is .produced by th.e sample in response)o)he excitatlop is imaged ont.O a slit shaped 

aperture. Since light is distributed over a line of pixels speed limitations due to · 

. fl:t,ioropJ:iore photo~physics are av:oi4e(!. However, the depth of field, or change in li:t,teral 

20 'r~olution.with.focus depth, of the line scanner is inversely proportiollat to the nlimerical 

aperture of the objective. MLSC applications require a large depth of fieldto accurately 

image cells in a deep blood susp~sion. High sensitivity and speed require a high 

numerical aperture lens ~ut would result in a prohibitively small depth of field. This 

tradeoffultimately.results in limited speed and sensitivity. 

25 Given the limitations using a PMT as a light detector, much research is currently 

directed towards develop~g higher efficiency detectors that will allow rapid image 

acquisition at below-saturation wwer densities. One such light detector is the charge 

coupled device (CCD). See, e.g., G. Holst, .CCD Arrays, Camera and Displays, 2d Ed., 

JCD Publishing and SPIE Optical Engineering Press 1998. The CCD consists of an 

30 interlinked array of sensitive photodetectors, ~h of which can have a quantum efficiency 

of greater than 80%. Despite their high efficiency, CCDs are not ideal for use in the 

MLSC context. One reason is that the CCD is usually employed as an imaging device in 
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which the entire field, of view is excited and the CCD captures ·atl of the emitted light in 

the field of view. Used in this way the depth of field and sensitivity are coupled just as in 

a line scanner. Furthermore, the fulJ:.field illumination and collection means a substantial 

amount out of focus light is excited and received by the CCD detector. Even if a CCD is 

5 used in non-imaging mode in combination with a scanned laser spot and a pinhole 

aperture--much in the same way as a PMT is used--additional problems are encountered. · 

·Firstly, when replaciiig PMTs with CCDs for simultaneous multi-channel image 

acquisition, a separate CCD is required for each channel. The cost of providing·a separate 

high-efficiency CCD for each channel adds greatly to the cost of the instrument. . 

10 Moreover, CCDs take significantly longer to read out than PMTs, thereby placing a 

significant limitation on the speed with which data can be acquired. 

The present invention is directed towards optical architectures for 

spectroscopy which can acquire data with greater speed than prior art systems. The. 

instruments of the invention can also be used for time resolved measurements of 

15 fluorophore emission. The methods and instruments of t4e invention are usefulin any ·.· 

application where spectroscopic data from a sample is required. In preferred 

embodiments, the methods and instruments of the invention are used for MLSC. 

The invention uses CCDs in which binning is used to subdivide a single CCD into 

pixel groupings that collect data simultaneously from a number of different regions of a 

20 sample. Preferred embodiments of the invention use multiple laser excitation spots. in· 

combination with CCD light detectors. In some embodiments, the individual bins are 
further subdivided to provide spectral information for each region of the sample. The 

pixel intensity values for each bin are assembled by computer to give seamless ·images of 

the sample in each channel. 

25 

Summarv of the Invention 

Two issues typically limit the speed and sensitivity performance of prior art 

systems. Firstly. commonly used PMT detectors have low quantum efficiencies, 

especially in the red to near infrared region of the optical spectrum. Secondly, these 

30 systems typically scan a focused laser spot to excite fluorescent emission in the sample. 

For high sensitivity and measurement speed, it is desirable to use a high power density 

excitation source. However, beyond certain saturating power densities (power per unit 
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area of the laser spot), the excitati()n source s~ates the fluo~escent labels, preventing 

further improvement insensitivity and meas~t speed. 

· The preferred embodiment of the pres.ent invention uses CCD detectors (instead of 
. . :.· . .. . . . . . . 

PMTs) as non-imaging light·ciete~ devjces in a ~nfocal _scanning architecture, where 

5 an array of laser spots is scanned ~ss the sample, instead of a single spot. ·Two features 

of this invention solve. the limitations described. above. Firstly, the high power laser 

excitation is divided into m_ultiple spots, thus ~uc:ing the po\Ver density in each spot and 

minimizing sensitivity and·laser power limitations due to fluorophore saturation. 

Secondly, the CCD is u,sed in a non-ima~g mode, by d~g multiple effective 
. . 

10 confocal apertures as "binned" regions of pixels on the 2 dimensional surface of the 
··.= . . . 

device. Each binned region is inatched to an excitation laser spot which is focused into 
.: . . .· ·.. .·· . ·: 

the sample. This architecture retains the controllable depth offield of a PMT-based 
.... 

confocal spot scanner, but also takes advantage of the very lµgh quantum efficiencies 
. . . ' ., .. .. . - .,. . . 

available with CCD .detectors. 

15 

Brief Description of the Drawings . 
. . ·.: ::· .: . . ··•. :' ·. ·: 

. Note, that in,all the dra~s, the optical pathways are illustrated schematically. · 
··:. I : : . .;_·• • 

Angles and dimensions ~ 11ot to s.cale. , 

20 FIGURE 1 illustrates a single-spot multi-channel MLSC system in which 
.·,., ·.·'. ·,' I •' 

mechanical confocal apertures and photomultipliers are used. The chief ray of each ray 
• ' ' ' • ' • ' • • • ' I • 

bundle is traced. 

FIGURE 2 illustrates ,a 2-channel spectroscopy system in which a sample is 

scanned with 3 laser excitation spots, and the resulting emission light is imaged onto CCD 

25 light detectors that have been partitioned into three confocal bins. The chief ray of each 

ray bundle is traced. 

FIGURE 3 illustrates a 512 x 64 pixel CCD detector ~tis partitioned into three 

rectangular confocal bins. 

_FIGURE 4 illustrates the relative motion of three laser excitation spots as they are 

30 scanned over a moving sample. . 
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FIGURE S illustrates one embodiment for performing multi.spot, multichannel 

confocal spectroscopy using a single CCD and a confocal slit aperture. The chief ray of 

each· ray bundle is traced. 

· FIGURE 6 illustrates schematically a 625 pixels x 488 pixels CCD light detector 

5 that has been configured for a 6 spot system with 4 spectral channels. 

FIGURE 1 illustrates a time-resolved confocal spectroscopy system in which a 

binned CCD collects the emission light at predetermined times following laser spot 

excitation. 

FIGURE 8 illustrates a time-resolved confocal spectroscopy system in which 

10 multiple optical fibers act as confocal. apertures that are imaged over the sample at · · 

predetermined times after laser spot excitation. 

FIGURE 9 illustrates schematically a non epi-illuminated spot scanner system. 

Detailed Description of the Preferred Embodiments 

15 The present invention provides spectroscopy methods and instrumentation with a· 

number of novel optical configurations that allow multichannel images to be acquired 

quickly, and/or with time-resolution of the individual fluorophore emissions. In preferred · 

embodiments, the invention uses CCDs as light detectors, wherein groups of pixels on the 

CCD form bins that are imaged onto the sample by the scanning optics. ·In preferred·.· · 

20 embodiments, each bin functions as a confocal aperture. The size of the bin determines 

the width of the cone of emitted light that is detected, and hence the greater the bin size, · 

the greater the depth of field. Light that falls on the CCD outside of the bin is not 

detected. Hence, each bin functions in the same way as a mechanical confocal aperture. 

In preferred embodiments, the invention uses an array of laser spots to scan the sample 

25 simultaneously in multiple locations. Emitted light from each spot is imaged onto a 

separate confocal CCD bin, and the image is built by fusing the separate images from each 

spot together. In other embodiments, a series of bins are imaged onto the sample at 

different times following excitation such that each bin on the CCD represents a different 

emission time, thereby enabling time-resolved fluoroescence measurements to be made. 

30 The advantage of using CCD bins as confocal apertures is that re-configuration of the 

instrument is perfonned simply by changing the size and position of the bins on the CCD, 

rather than by any mechanical operation. The advantage of using multiple spots is that 
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lower laser power is ~ent 11.t each spot in comp!ltjson to a single spot ·system. The lower 

laser power .density m~ fluorophore .saturation, but total system throughput is 

maintained by simultaneously detecting the emission from multiple excitation spots. 

Note, that in all ttie embodiments ~at follow, the methods and instrumentation of 

.5 the instant invention are described in the context ofMLSC. Those ofskill in the art will 

understand, however, that the methods and instruments of the invention are useful in any 

spectroscopy or cytometry application, including microscopyapplications. In addition, 

. although a fluorescence imaging application is described, this scanning system can be 

applied to many light scatter detection modes~ Examples of .S\lch possible modes include: 

· · .. 10 . luminescence, phosphorescence, .Raman scattering, Ralyeigh scattering and Mie · 

·scattering. 

.·:' 

Multiple laser soot excitation system with binned CCD light detection 

In one· em.bodimentof the invention, a ~: exqitation beam is converted into an 

15 . ·array of beams~ by a device sucfr as a Damapn. grating. Alternatively, other spot generating 

devices may be used, such as a microlens array or a fiber bundle. The system is not .·· 

limited to the use of a linear array ofspots·and can :fri.Qction with a two dimensional array 

.• of·spots. This could allow a ~ater area of a CCD:detector•area to be used and thus 

enhance readout performance. Other embodiments of the device might not use a single 

.•. 20 · .la.Ser .beam excitation sot11'9C, but rather a; laser diode array, :thereby omitting the 

requirement for a separate beam generator device. The source of the beam is imaged, with 

relay lenses, onto the center of the .scanning mirror device, such as a galvanometer.· Other 

embodiments. of the. present device in,clude the use of other beam deflection methods. 

Such methods include, but are not limited to, a piezoelectric scanner, polygonal mirrors, 

25 acousto-optic.deflectors, and hologons. In the present embodiment, the scan center of the 

galvanometer is in tum imaged by a second set of relay lenses into the entrance pupil of a 

microscope objective. The· laser beam array is thus focused by the objective into an array 

of spots in the focal plane of the objective. Each spotin the.array scans and excites a 

separate region of a sample, which sample is moved at constant velocity along the axis 

30 orthogonal to the laser spot scan axis. Fluorescent light that is emitted by the sample is 

collected by the objective lens,, passes through a dichroic filter and is imaged onto the 

surface of a CCD detector that has been electronically divided into a bin of pixels of the 
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desired size. Emitted light that impinges the CCD outside of the bin is not detected; hence 

the bin functions as a confocal aperture in which the confocal depth of focus can be 

controlled simply by changing the bin dimensions. The greater the area of the bin, the 

greater the depth of focus. 

5 The multi-spot system can be used for multichannel imaging by dividing the 

fluorescent emission into individual wavelengths--using, for example, dicbroic filters­

and then directing each component wavelength to a separate CCD detector. In this 

embodiment, a different CCD is used for each channel, but the bin configuration for each 

CCD is identical. The CCDs are periodically read out in synchrony to maintain proper 

10 registration of the individual color images. Hence, this embodiment provides a 

multichannel MLSC instrument in which the confocal depth of focus is computer- · 

controlled (by changing the bin dimensions); rather than being mechanically-controlled 

(by changing the size of a confocal aperture). 

FIGURE 2 illustrates one embodiment of the invention where 3 laser excitation' 

15 spots are generated, then reflected off an excitation dichroic onto a galvanometer scan 

mirror. (In this figure 3 spots are chosen to illustrate the invention for convenience sake. 

As described below, the present invention includes any system with more than,one spot.) · 

The scanning spots pass through relay lenses to the entrance pupil of a microscope 

objective, and are focussed onto the sample. Emission light from the sample (three · 

20 emission rays) is collected by the microscope objective, and retraces the path of the 

excitation spots back to the dichroic filter. The emission light passes through the 

excitation dichroic and a long-pass filter, and is separated into two wavelength portions by · 
an emission dichroic filter. The two portions are then imaged by a focus lens onto separate 

CCDs, wherein each CCD is partitioned into three confocal bins. A schematic illustration 

25 of a 512 x 64 pixel CCD detector that is partitioned into three rectangular confocal bins is 

provided in FIGURE 3. 

In preferred embodiments, the linear array oflaser spots excites emission from 

the sample. The scanning mirror device rotates scanning the laser spots in the direction 

that is parallel to the line defined by the array of spots. The total scan deflection of each 

30 spot is. chosen such that each spot scans across a length of the sample that is 

approximately the same length as the distance between the spots. The sample is moved 
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along the orthogonal axis to the laser spot scan axis. This is illustrated schematically in 

FJ:GURE 4A, where~ 8Pots scan in the vertical axis ~d the sample is moved 

horizontally. Hence, the r~lat:i:ve spot motion traces a sawtooth pattern. As the spot array 

is scanned across the sample by the scanning mirror device, .the CCD bins are periodically 

5 read out. The timing of this read out operation determinesthe pixel size in the scan 

dimension, Alternatively (FIGURE 413), the three spots are arrayed parallel to the sample 

movement. The spots are scanned a~ross the complete sample. When one spot reaches 

the start scan position of the. next spot, the sample is shuttled so that the first spot starts 

scanning again at the previous ~op position of the last spot, 

:10 As the scan proceeds, each. laser spot generates a 2-D image that is acquired by the · 

corresponding bin of the CCD .detector. The.irilages from· each spot either do not overlap, 

· · . . or overlap only slightly•. :When the scan is coinplet~ the in,dividual images can be joined 

together by a computer to provide a single seamless image .. · · .. ·. 

··. . . Any number of spots can be uSed in the·inStant invention; The advantage of using 

j . 
; ·. 

·. .,. · :: . 15 . multiple spots is thaUoweda8er power density is applied to each spot; :minimizirig 

· · · . fluorophore saturation. For example; each spot.in a 10 spotarray has l/lOth the power 

·. : ... ··. 

,. ·,· · ... 

density of the laser spot in a'single spot system.using laser 8otirces of equal power. 

However, each spot dwells 10 times longer in any region of the sample than the single 

· spot system, so that the tOtal photon flux per image pixel is the· same. Since all 10 spots 

. . ' 20 are excited and detected 'in parallel; the total scan time for a sample is the same in either . 

case .. However, by uSing CCDs' as light detectors, significant enhancements in· sensitivity 

result. A CCD can have at least 3times greater-quantuin efficiency as a PMT; moreover 

using a lower excitation power density can give a sigiiificant increase in sensitivity· due to 

the avoidance of saturatio~ photo--0.estruction and other nonlinear process excitation. 

25 Thus, the multispot systein with CCD detection can be 6 to 10 times more sensitive than a 

single spot PMf system operating at the same scan speed.' .·This increased sensitivity can 

be exploited to shorten the scan time, so a multi.spot system can yield comparable images 
. . 

to a single spot system, buf in significantly less time. Alternatively, the multispot CCD 

system can ·operate at the· same scan rate as the single spot system, but Will be able to 

30 detect emission intensities that a conventional PMT single spot system could not detect at 

that scan rate. An even further advantage of using low laser power densities is that it 
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allows the use of fluorophores that saturate at comparatively low power densities, such as 

inorganic fluorophores or quantum dot nanocrystals with long- emission time constants. 

· The limit on the number of spots is determined by the required axial response ofth.e 

system and the amount of cross talk between spots that can be tolerated. The more spots in 

S the array, the more closely spaced are the confocal bins on the CCD. Axial response is 

proportional to bin size and so will be effectively reduced~ Furthermore; the closer bins 

means light rejected from one bin will impinge upon another ultimately reducing system 

sensitivity. The present invention includes any system with more than one spot. 

Preferably there will be between 2 and 1000 spots and more preferably between S and 

10 400. 

Using CCD bins as confocal apertures is a substantial advance due to the relative 

simplicity of changing the dimensions of the confocal depth of field. Mechanical coiifocal 

apertures in focused light syStems are typically only several µm in diameter, and so 

require sophisticated and precise mecruinical systems to control the aperture size. By 

15 contrast, a CCD bin can be changed simply by reconfiguring the CCD array using a 

computer. 

The use of a CCD in MLSC is a significant improvement over prior art MLSC : 

instruments that use PMf for light detection. The biological fluids that are assayed by 

MLSC auto-fluoresce and can absorb or scatter excitation light. The use of fl.uorophores 

20 that are excited by red light (such as the 633nm line from a HeNe laser) reduces these 

problems and allows MLSC assays to be performed in whole blood. However, PMTs 

have a quantum efficiency ofless than 10% in the red portion of the electromagnetic 

spectrum, leading to poor sensitivity when these fluorophores are used. By contrast, many 

types of CCDs have quantum efficiencies of greater than 80% in the same region of the 

25 spectrum. 

As mentioned previously, current CCD detectors have a lower data read-out rate 

than PMTs. If a single spot is scanned over a sample and the emitted light imaged onto a 

CCD, the CCD would have to be read out sequentially for every single pixel in the image. 

By contrast, the multispot system provided by the instant invention can simultaneously 

30 acquire data for X pixels, where X is the number of spots. Thus, a 10 spot system 

provides data for 10 pixels in the image at each read-out event, whereas a single-spot 

system provides data for just a single pixel at each read-out event. Hence, the multispot 
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system of the instatrt invention allows. the benefits of enhanc¢ sensitivity provided by the 

_ CCD to be achieved while minimizing the problems associated with the low data read out 

rate of CCDs. CCDs with higher read out rates will likely be available in_ the futme. · 
' . . . . . . 

Using such improved CG])s will further increase the sensiti~ty and speed of the 

5 instruments _and methods of the jnstant invention. _ 

JO 

Note that all ofthe embodiments of the present invention can use conventional PMTs . ' . •' . . . .. 

as the light detectors, ra~ than CCps. In these embo~ents, conventional confocal 
. . . 

apertures are required to give the required rejection of out of focus fluoroescence. The 

apertures would be arranged in a.pattern identical to the laser spot array. 

Multiple laser spot excitation svstem with spectral analysis on_ a single CCD 

In certain embodiments, a single CCD is us~ for m11ltichannel imaging of a 

sample. In these embodiments, a line of laser spots is scanned over the sample, and 

emitted light is imag¢,_ ~. descrl,~ed ~pov_e, _onto a line-of confocal apertures. The layout 

15 - • ofthe array of apertures parallels ~e .layout of the ~y of laser spots, sucli that the 

emitted light from each laser spot passes.through a different aperture. After passing 

through the aperture; ea,Ch .beam of emitted light may be passed through dispersal optics 

-that __ spread out.the. co~ponent-wavelengths. Suitable wavele11gth dispersing _optics 
: I . . . ' 

~clude,_but are not limited 19. 'echelle grati11gs, holographic concav~ g~tings, 

'- 20 __ transmission gratings~ or prisms. Jn:addition, .particular wavelengths can be directed 

mechanically onto the detector with th~ use of a_ constant deviation dispersion prism, such ---
• ' ' • • • I 

as the Pellin".'Broca priSill, or through the use of a resonant grating filter. Electro-optic 

methods to select wavelengths_ include the use of an acoustic-Qptic tunable filter o:t electro..­

·optic resonant grating fil~r. The dispersal.optics also image each aperture onto a separate 

-25 rectangular region of a CCD so that the light that passes through each aperture is 

spectrally-spread along ~e long axis of a single rectangle. Each rectangular region on the 

single CCD is subdivi4ed _into bins along its long axis so that each bin collects a different 

wavelength of the spread light For example, for 4-color fluorescent detection, each 

rectangle can be subdivided into 4 spectral bins along its long axis. Hence, each 

30 rectangular region on the CCD can essentially perfQrm spectral analysis of the light 

emitted in response to ~xcitation by a particular spot. 
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In a preferred symcm for this embodiment, the sample is scanned with a line of laser 

spots, and all the emitted light from the sample is imaged onto a single rectangular "slit" 

confocal aperture that is parallel to the line of laser spots. The emitted light then passes 

into dispersal optics that spectrally-spread each emitted light beam into its component 

S wavelengths. The axis of dispersion is orthogonal to the long axis of the confocal "slit". 

The dispersal optics also image the componentwavelengths from each emission spot onto 

a separate rectangular CCD region, wherein the long axis of each CCD rectangle is 

parallel to the axis along which the dispersal optics spread the emission spot. 

Consequently, the long axis of each CCD rectangle is orthogonal to the long axis of the 

10 "slit" aperture. Each rectangular region is subdivided along its long axis into spectralbins 

such that each of the spectral bins collects a different wavelength of light resulting from 

the dispersal of a single emission spot. The rectangular regions of the CCD function as a 

second "slit"confocal aperture oriented in the opposite dimension to the mechanical "slit" 

aperture. As a result, the final image is confocal in both dimensions. The depth of focus 

15 in this system can be controlled by coordinately varying the width of the mechanical "slit" ·. 

aperture and the width of each CCD rectangle. 

FIGURE 5 illustrates schematically one embodiment using a slit aperture and a 

concave grating for wavelength dispersal. In this illustration, laser light is reflected· onto 

the spot generating optics -by mirror-. Three laser spots are generated by spot generating 

20 optics, passed by lenses 1 and 2 to a dichroic filter, which dichroic reflects the laser spots 

on a scanning galvanometer mirror.· The :Spots are then passed by lenses 3 and 4 to mirror 

2, so they re-converge at the entrance pupil of the microscope objective. The objective 

focuses the spots onto the sample and the light emitted from the three spots is collected by 

the objective. The emission light rays re-trace the path of the laser spots to the dichroic 

25 filter. The emission light passes through the dichroic, ·followed by lens 5 which focuses· . 

the light at the slit aperture. The focused light passes through a long pass filter, and then 

through a confocal slit aperture that is oriented with the long axis of the slit parallel to the 

vertical axis. Emission light rays that pass through the slit aperture then fall on a concave 

grating that re-images the spots and wavelengths onto the detector. In this illustration, 

30 each emission light ray is spread into multiple wavelengths along the horizontal axis. 

Thus, the horizontal axis of the CCD provides spectral information about each emitted 

light ray, and the vertical axis provides spatial information. 
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FIGURE 6-ill~s scheJJll:lti~y a 62.? _pixels x 488 pixels CCD light detector 

that has been confi~,for a 6<spot system with 4 spectral; c~els. The CCD is divided 

.into 6 rectangular regiO~ aD.Q eachre~on is supdivided into 4 spectral bins. As in 

FIGURES, the horizonta.1: axis of ~s ~G]) provides sp~ i.¢'ormatj.on, and the vertical 
·.···•. . . . . i . 

S axis provides spatial infq~on w~ us~ci in combination ~th a vertically-:oriented 
• i 

confocal slit aperture. Tue height of ~h r~e in FIGURE 6 can be adjusted to vary 
'· . ; . . . ' . ~ '· 

the confocality of the in:J.age in the horizontal axis. A suita~le CCD for this application is 

the Pluto™ CCD from Pixelvision. .· 
~. ·. . ' . 

As described aboye; preVio~ attempts to use line illumination in MLSC have not 

10 yielc;led the desired sp¢~d- and sensitivity-improvement becaus~ of the interaction of 

collection numerical ap~rture and sy$tenl dep~ of field. The instant invention provides for 

·. ·. the firsttime a method.for distributing,excitatiQnlight over, an area larger than a single 
. . . ; . 

spot while maintaining qie depth of tleld. ancl. aXial responst:: of a single flying spot. 

confocal laser scanner; T):Us is accoipplished by: a) sc~g the sample with individual 
. . . . . . . 

is spots of excitation li~t· n.ther &in ~ con~µq-qs ime ofli~t; and b) using a CCD bin 

· · ·. comocal 'apertures, wi~ ~ach bill coriesp0p4illg to-~ excitation spot. 

This embodim~t.is also m~ba~foally ~impler than the embodiment above in 

· which a line of pinhol~:~J>erture~ is us~d~ Changing fue size and orientation of a single slit 

apertUre is simpler th8i1 changing the size of a series of comparatively smaller pinhole 

'20 apertures. Thus, this elnbodhllent retains the .true two-dimensional confocality. of the 

pinhole aperture arcbit~iure. while abo possessing the mechanical simplicity of the 

confocal slit architectw."e; 

' An additional adv~tage of perforining spectral analysis on the CCD in the manner 
. . .·: . . 

outlined above is thattheCCD binning in the spectral dimension can be controlled 

25 electronically. Each d«?tection col0,r can be optjmized for the specific assay that is to be 

performed. This also eliminates the. need in the detection ~ystem for many dichroic filters, 

which can vary from ~t-to-unit and with temperature and hUmidity._ 

An even further a4yantage of using the CCD systems. outlined above is that alignment 

of the mechanical confoealapertures with the CCD can be easily accomplished 

30 electronically. Rather ,than physically moving the apertures, the position of the bins on the 

CCD can be adjusted ~ order to insure that ~ach bin is in perfect registration with its 
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corresponding aperturei'This process can be automated usi#k{for example, a test slide 
containing all the fltlorescent labels thatare to be used in the assay. 

In further embodiments of this invention, it is possible to use non epi-illumination 
of the sample; In this embodiment; illustrated in FIGURE 9, the excitation light is brought 

5 to the sample without passing through the collection objective. This method is referred to 

as off-axis illumination. See, e.g., U.S. Patent No. S,578,832. As in epi-illumination a fan 

of laser beams is generated. Possible generating optics include but are not limited to 

Damann and other gratings, fiber optic bundles, micro-mirror arrays, acousto-optic and 

electro-optic devices. The fan of rays are collected by the first fan lens and re-converged 
10 on a scanning device such as a reciprocating mirror with a second fan lens. The rays then 

pass through a final lens such that each spot is focused on the sample. The final lens is 
configured such that the excitation beams are at approximately 45 degrees to the sample. 
Emitted light is then collected and re-imaged on the CCD detector with a tube lens; 

Unwanted excitation light is eliminated with a long pass blocking filter. If the spots are 
15 not de-scanned then the scanned spots will move on the detector, however the correct 

CCD bins can be chosen so that the readout follows the spots. Alternatively, the collected 
rays can pass via a second reciprocating device such as a mirror, in sync with the 

excitation mirror, to de-scan the spots. A number of different array detectors can be used 
to collect discrete wavelengths where the wavelengths are selected by optical filters, e;g •. a 

20 dichroic filter. As in epi-illumination a dispersive element can be used to spread 

wavelengths over the array detector 9rthogonal to the spots. 

Despite the extra complications involved in de-scanning the spots, off-axis has 

some advantages over epi-illumination. No excitation dichroic filter is needed and so 
many different excitation wavelengths can be used without having to change filters. 

25 Furthermore. extreme excitation wavelengths, i.e. ultraviolet or infrared, that are 

incompatible with collection optics can be used. Examples of reporters that use these 

wavelengths are: 2 photon up converting phosphors that use 980nm excitation and emit in 
the visible region; and nano-crystals that are optimally excited in the UV, < 400nm, but 

emit in the visible regions. See, e.g., Bruchez et al., Science 281 :2013 (1998); Wright, 

30 W.H. et al., Proceedings ofSPIE-The International Society for Optical Engineering 

Ultrasensitive Biochemical Diagnostics II Feb 10-Feb 12 97 v 2985 1997 San Jose, CA, 
USA. 
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All embodilI}ents of the invention des~~ed above #lclude system designs where 

the regions of the samp1¢:µ1uminated. by the spot array are iui~ged by an optical system 
; : · .. 

. . onto the surface of a cd):?, :detector. . Alterruiti.v~ system emb~diments .use mechanical 

apertures to provide th~ .n~ssary conf9~ ape.rt.ures,, with n~n-imaging optical systems, 

5 such as fiber optics or nl>¢r bundles, tQ transfer light passe4 ~ugh the apertures to the 

surface of the detector~ Thus .the sy~rn desigqer can cJ;ioose the optimal spatial 
I•,' .• :• '• • • • ' • • _. •· • 

mappings between the ~tritation spotarray aruithe detecto~,s,Urface; This allows the 

designer to choose froµl ~ wider variety qf detector device$~ or to more efficiently utilize 

. the surface area ofthed~ce. For example, iftbe excitatiqnspot array consists of a linear 

10 array of spots, a linear ~y of apertures ~ould be used to ~.oti~ct the emitted light from 

. the .sample passing the Jiglit into optical fibers, with one fi~er. or fiber bundle pet aperture . 

. · . The outputs of the ~u1Jiple fibers 9r fiber bund1es coulci be arranged. for example; into a 

square-shaped 2-dime~i9na1 array. and imaged. dir~tly orihrough dispersjng optics, 

. onto the surface of th~ ~e~~r. .In :this :inmmer the designer c~ provide a better inatch to 
.···. ' . : . . ' . . . . . . . 

_; 

. 15 .· the form factor of a giy~Jl.: ~9)) <1eyice, or-fill up the surface qf a CCD with more spots 

than could be utilized W,ifi.i imaging optics only. 
. ·. 

Time-resolved mectros~py systen_1s. . . 

. . . The methods oftlie :presellt invelltion c~ ~ls().be 11se~to:perfo11ll time-resolved 

.. MLsc~ As described ab9ve, in tim~".'r~solyed fluoi:escenc~ microscopy, images of the 
• . ."•· •" • ·• • • • •• • I ·: :'' ' • 

. 20 sample are taken at prcxi~teipiined time .intervals after excitat~qn iUuminatioa This allows 
. . . . . : ' . 

· observation of multiple:fluorophores. \Vi.th ciifferent emissiQn time constants. In the 
,. ,. . ·. ·. .. . 

present invention, time•r~olved images can be obtained by i?1aging a series of confocal 

. CCD bin apertures ov~ the sample.a~ Predetermined time~ b~hind the laser excitation 

spot(s). The confocal b,his are scann.ed over th~ sample by tlie same optical system that 

25 scans the laser spot. The physical separation between CCD bins maps into a difference in 

emission time for the SIµXiple. The tjme sepanttion is a functj~n of the scan velocity across 

the sample. 

Such a system cat1, function as follows .in one embodiment illustrated schematically in 

FIGURE 7. At t=O, the laser spot excites a first region ofth~.sample in which fluorophore 
: .. · . . . ·. . 

30 Fl and F2 are present. Fl has an emission time constant sue~ that the fluorescence 

emitted from Fl is Pnll'.tically coincident with excitation. Hence, light from FI retraces 

the path of the laser beam, passes through a dicbroic filter, and is imaged onto CCD bin 
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B 1. At t=l, the scannidg1tniri'or has deflected, and a secont'H:egion of the sample is. 

~ .. ' : . . . 

receiving excitation illumination. Also at t= I, F2·which Was excited in the first region of 

the sample at t=O emits. Because the scan mirror has deflected between between t=O and 

t= I, the light path followed by F2 emission is not coincident with the laser path. As a 

5 result, the fluorescence from F2 follows a path that is displaced by a predetermined 

amount relative to fluorescence from Fl. Light from F2 can be collected by a separate 

confocal bin, B2, on the CCD. It will be understood that additional bins can be defined on. 

·the CCD in order to obtain additional tiine intervals. The distance between the bins (at 

constant scan speed) determines the time interval between each fluorescence measurement 

10 event. 

In other embodiments, a multispot excitation array as described above is used for time 

resolved measurements. In this embodiment the CCD is divided into a matrix of bins. In 

one dimension, the bins provide positional information for the emitted light. In the other 

dimension, the bins provide time-resolved fluorescence measurements. For example, a 

15 system for performing three time-resolved measurements for each I 0 excitation laser spots 

·would comprise a 1 Ox3 array of CCD bins. The dimensions of each bin can be 

independently varied in order to optimize detection for particular fluorophores. · 

In other embodiments, time-resolved spectroscopy is performed using multiple 

· pinhole confocal apertures operatively coupled to light detection devices. The spacing 

20 between the confocal apertures determines the time intervals for the fluorescence 

. measurement events. As in the embodiment involving CCD bins. the individual pinhole 

·confocal apertures are scanned over a particular region of the sample at different times 

after excitation of that region. As an alternative to pinhole apertures, this embodiment can 

be performed using optical fibers. The core of each fiber acts as a pinhole, and the light 

25 transmitted through the fibers is delivered to multiple PMTs. As before, the spacing 

between the illuminated end of the optical fibers determines the time interval between 

each fluorescence measurement. This embodiment is illustrated schematically in FIGURE 

8. 

In still further embodiments, time resolved fluorescence spectroscopy is performed in 

30 tandem with emission wavelength spectroscopy of the light emitted at each tiine interval. 

In certain embodiments, this is done using a series of pinhole apertures that are imaged 

over the sample as described above at different times behind a single laser excitation spot. 

1iiirnnrr· 
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Emission light that passes through each apei:ture is then passed through dispersal optics--

such as a concave diffraction grating or a prism .. -that speed the emitted light into its 

component wavelengths. 'fhe co111ponent wavelengths from.each time interval-are then 

imaged by the dispersal optics onto ,a separate rectangular region of a CCD, wherein the 

5 long axis of the rectangle is parallel to the aXis along which the emitted light was spread. 

Each pinhole aperture is ~pped to a_separate rectangular region on the CCD. The 

individual rectangles are sµbdivideda.long their long axes into.spectral bins, and the, 

spread light from each ~perture falls onto thos~ bins in a wavelength-dependent manner. 

In even further embodiments, the invention pl'()vides a method for performing 

· 10 · mutispot time..resolved fluorescence spectroscopy in tandem with 'fluorescence emission 

··• · . · wavelength spectroscopy .. · Tb.is system. filnctioils in the .same way as the multispot system· 

' ·· with a confocal slit architecture, as described. above; However, in: order to perform time­

resolved measurem.e_nts, the system has a s~ries of slit apertures·that are imaged over the 

, ·. sample at time· intervals behind the exci~tion spots; Light passing through each aperture 

15 is dispersed into its component wavelengths and imaged onto spectral bins arranged in 

. rectangles on a CCD, wherein.the rect1:U1gles are orthogonally oriented to the confocal slit. 

In certain embodiments, ;separate .CCDs are used to image the light coming through each 

-confocal aperture;. hence, a furee,.slit configuration would require three CCDs. In other 

embodiments, a single CGDis used toimage tile light from all of the apertures. The CCD .. 

20 in this embodiment would be configured to provide a matrix of rectangles; each aperture is 

imaged onto a particular row (or column} of rectangles on the CCD. Thus, a single CCD 

. provides data on the position, time•re8olution, and spectnnn of each fluoresence emission 

event.· 
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What is claimed is: 

1. A confocal scanning system comprising; 

(a) means for generating and scanning over a sample a plurality of spots of excitation 

5 light, whereby emission light is released by said sample in response to ex.citation by each 

said spot; 

(b) one or more detection devices positioned so that said emission light is 

simultaneously imaged thereupon. 

10 2. The confocal scanning system of claim 1 wherein 3-100 spots are generated. 

3. The confocal scanning system of claim I wherein 5-25 spots are generated. 

4. The confocal scanning system of claim 1 wherein said emission light comprises 

15 multiple component wavelengths. 

5. The confocal scanning system of claim 4 wherein each said component wavelength is 

imaged onto a separate detection device by one or more dichroic filters. 

20 6. The confocal scanning system of claim I wherein said sample comprises a blood 

sample contained within a capillary. 

25 

7. The confocal scanning system of claim 6 wherein said capillary is translated 

orthogonal to the scan of ex.citation light. 

8. The confocal scanning system of claim 6 wherein the spots of excitation light are 

scanned in a direction parallel to the axis said capillary. 

9 The confocal scanning system of claim 6 wherein the spots of excitation light are 
. . 

30 scanned in a direction perpendicular to the axis said capillary. 

I lllllll llllll 1111111111111111 
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10. The confocal scanning system of claim l wherein said one or more detection devices 

are charge coupled devices (CCD). 

11. The confocal sc~ SY$ml ~fclaim JO wherein eackCCD is partitioned into 
• ' ' ! •. • . : .• "t' ~- •. 

. 5· multiple bins such thatf=acp bin collects_~ portj.on of the emj~ion light resulting from the 
. . ... ,. . :~ . 

. excitation of said sample ~y one of said spots. 

· .. :. 

12. ·The .confocal scannmg sY'stem of claim 11 wherein the·_~ensions of each said bin 

i .. · · are selected such that ol1ly :emission light frqm within a predet~ined focal depth of said 

; '.' 

·· 10 . saniple is collected. 

·. · 13. · The confocal scani:llng system of claim;4 further compiis~g means for dispersing 

. emission light into its component wavelengths. 

.. .•.. 

15 · _14 •. The confocal. scanning sysq,m .of claim 13 wherein sai~. ~eans for dispersing 

emission lightinto its colµponent wavelengths is a dichroic: filter. 

. 20. 

. ·~ .. ···'· .;., .. · . 

15 .. The confocal scanning ~ystem Qf clt\im 13 ~1terein said means for dispersing 

emission light into its :component wavelengths is a prism. 

16. The confocal scanriing system·of claim .13 wherein said means for dispersing 

emission light into its component wavel~ngths is a grating. 

The confocal scanning system of claim 13 wherein one detection deviceis employed. 
• :: • I.·.: • 

1be confocal sca.najµg system of claim 17 wherein said detection device is a CCD. 

The confocal scanning system of claim 1 further comprising a microscope objective. 

The confocal scanning_ system of claim 19 wherein s~d excitation light and said 

emission light pass through said microscope objective . 

. · 111111111111111111111111111111 · 
* C L . M S * 
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21. The confocal scannirig system of claim 1 further comprl.siiig one or more fiber optics 

to transfer emission light to the one or more detection devices. 

22. The confocal scanning system of claim 13 further comprising an aperture 

5 corresponding to each spot of emission light so that only emission. light from within a 

predetermined focal depth of said sample passes through to the detection device. 

23. The confocal scanning system of claim 11 further comprising a slit aperture 

corresponding to each spot of emission light so that only emission light from within a 

10 predetermined focal depth of said sample passes through to the detection device. 

24. A confocal scanning system comprising; 

(a) means for generating and scanning over a sample along an axis a plurality spots of 

excitation light; whereby emission light is released by said sample in response to 

15 excitation by said spots; 

(b) a spatial filter comprising a rectangular aperture, said spatial filter positioned such 

that said emission light is imaged thereupon; 

(c)· means for dispersing emission light that passes through said spatial filter into its 

component wavelengths; and 

20 (d) a CCD, said CCD positioned such that said component wavelengths are imaged 

thereupon; 

wherein said CCD is partitioned into rectangular pixel regions orthogonal to said spatial 

filter such that each rectangular region receives a portion of the emission light resulting 

from the excitation of said sample by one of said spots; 

25 wherein each rectangular region is subdivided along its long axis into at least two spectral · 

bins such that each spectral bin collects a different component wavelength of said portion; 

and 

30 

wherein the dimensions of each said spectral bin are chosen such that said portion 

comprises emission light from a predetennined focal depth of said sample. 

25. A system for time-resolved confocal scanning, comprising: 

· Hllllll 111111 1111111111111111 · 
* C L M S * 
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(a) means for generating arid scanning over a sample along an axis one or more 

diffraction-limited spots of excitation light; whereby emission light is released by said 

sam:ple in response to excitation by said spots; 

·. (b) a plurality of confocal apertures, each said confocal aperture positioned so that the 

5 emission light resulting from ~xcitation of said sample by one of said spots is imaged 

thereupon by said scanning ·means at a predeterm,ined time .following excitation by said 

spot;· 

(c) means for light·detection operatively coupled to said confocal apertures. 

10 26. The system of claim 25, wherein said means for light detection is a CCD, and wherein 

·. said confocal apertures comprise pixel bins on said CCD. 

27. A confocal scanning system.comprising: 

an excitation energy delivery system to direct energy toward a first region of a 

; · 15 ·sample; 

an optical detectipn sysiem for measuring fluorescence of the sample induced by the 

·. ... ·energy; 

a spatial filer disposed optically 'between the sample arid the optical detection system 

·.·to limit the measuredjluorescence to at least one second region of: the sample; and 

20 a mechanism coupling the energy delivery system and the spatial filter to the sample 

so that the first and second regions scan the sample sequentially. 

28. The system of claim 27 wherein the mechanism scans the.first and ~econd regiOns at a 

speed and with a distan:ce therebetween so that the fluorescence is measured a 

25 predetermined time after the energy. 

30 

29. The system of claim 27 further comprising a plurality of spatial filters, the spatial 

filters comprising pinhole apertures aligned so that the fluorescence is measured at a 

plurality of times after the energy. 

30. The system of claim 27 wherein the energy comprises laser energy. 
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